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Abstract

Heterogeneous networks (HetNets) are becoming a promising solution for future

wireless systems to satisfy the high data rate requirements. Specifically, with the

advent of millimeter wave (mmWave) and TeraHertz (THz) communication, there

is a need to redesign and analyze the conventional cellular systems. Unmanned

Aerial Vehicles (UAVs) are becoming an integral part of communication frame-

work in an HetNet owing to its fast mobility and quick deployment in crowdy or

disastrous hit areas. UAVs can be deployed to offload heavy traffic in scenarios

such as a football match in a stadium or to provide infrastructure if existing com-

munication infrastructure get destroyed such as by an earthquake or a storm. This

research focuses on the analysis of SINR and rate coverage probabilities in a Het-

Net comprising of above mentioned technologies. This research also considered

wireless backhauling to the core network by replacing cumbersome wired chan-

nels to the core. This research also introduces a stochastic geometry framework

for the analysis of downlink coverage probability in a multi-tier HetNet consisting

of macro-base station (MBS) operating at sub-6 GHz, mmWave small BSs and un-

manned aerial vehicles (UAVs) operating at 28 GHz and THz frequencies enabled

BSs. The effectiveness of the HetNet is analyzed on various performance metrics

including association and coverage probabilities for different network parameters.

ii



iii

The analytical expressions for the coverage probability for each tier have been

derived in this research. Monte Carlo simulations are performed to evaluate the

significance of the model. It has been shown that the mmWave and THz-enabled

cells provide significant improvement in the achievable data rates because of their

high available bandwidth, however, they have a degrading effect on the coverage

probabilities due to their high propagation losses. It has also been shown that

UAVs due to its mobile deployment provide better coverage to end users where

signals from the conventional MBS does not have enough strength. This research

also highlight a suitable combination of tier densities required to achieve the QoS

requirements.
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Chapter 1

Introduction

In today’s world, the mobile communication is used to connect everything every-

where and is not limited to only connect people [2–4]. The existing technologies

needed a sudden revamp in order to cope with such significant requirements which

give rise to HetNets and 5G and beyond technologies [5], [6]. To meet all these

advancements, achieving high data rate is a pivotal factor [7], [8]. 5G and beyond

technologies make use of mmWave and TeraHertz(THz) band to provide such

high data rate requirements [9–11]. To furthur enhance the performance of net-

works 3rd Generation Partnership Project (3GPP) have included Heterogeneous

networks (HetNets) to mitigate the coverage holes issue and also to provide com-

munication in disaster hit and overly crowded areas [12], [13].

1.1 Heterogeneous Networks

The communication in the world has changed dramatically over the course of sev-

eral decades. The transition from downloading a single image file in minutes to a

1
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complete movie in seconds has become possible thanks to the emergence of new

generations of communication. Now people wants to have lightning fast speed at

all times everywhere. This gave rise to the need of Heterogeneous networks com-

prising of different technologies such as mmWave, THz communication [14–25]

and also the use of UAVs. UAVs are most suitable for areas requiring immedi-

ate assistance and overly crowded spaces. UAV with its dynamic placement is

able to give a good connection to the user by having a good line of sight (LoS)

connection [26], [27].

1.2 Millimeter wave Communication

Communication which takes place in 30 GHz-300 GHz frequency band is referred

as Millimeter wave (mmWave) communication.

1.2.1 Motivation behind mmWave Communication

The importance of this band to be used as a communication spectrum arises due to

the emergence and usage of applications requiring extremely intensive bandwidth.

Bandwidth of 270 GHz available in mmWave frequency range greatly reduces the

load on microwave frequency band. Technologies such as Wi-Fi are becoming

heavily overloaded by users due to its unlicensed band with a carrier frequency of

2.4 GHz frequency. To accommodate high data traffic, bands operating at higher

frequencies are the viable solution.
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1.2.2 Advantages of mmWave Communication

High Frequency Spectrum availability

To accommodate ever increasing data traffic, frequency regions having high band-

with emerge as a potential solution. Millimeter wave frequency bands provide

such high unused bandwidths.

Large Antenna Arrays

Antenna size directly depends upon the carrier wavelength. High carrier frequen-

cies have a shorter wavelength resulting in reduced antenna sizes. Smaller antenna

sizes make the usage of large antenna arrays in a smaller physical dimension pos-

sible. Millimeter wave communication can utilize these large antenna arrays for

high beamforming gains.

1.2.3 Issues in mmWave Communication

The operating frequencies of mmWave communication are very high such as 28

GHz and 73 GHz. At such high frequencies, transmitted signals encounter a dif-

ferent propagation environment than signals communicating in sub-6 GHz band.

Some of the factors that the signal faces during transmission are:

Attenuation

Signals experience severe attenuation while propagating through mmWave spec-

trum due to oxygen absorption. Absorption of signals resulting in attenuation is

different at different carrier frequencies. Some frequency windows have very high
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signal attenuation while the absorption in other windows are comparatively less

severe.

Diffraction

Owing to the short wavelengths, signals propagating at mmWave frequency band

suffers from poor diffraction while experiencing blockages in the communication

path.

1.2.4 Some solutions for limitations in mmWave Communica-

tion

Selective frequency windows for Communication

As the signals experience different oxygen absorptions resulting in attenuation at

different frequency windows, proper selection of frequency windows can mitigate

the effect of attenuation on the signals in mmWave communication.

Highly Directive Beams

Owing to the smaller wavelengths at mmWave frequency bands, the attenuation

can be significantly reduced by making use of highly directive beams from large

antenna arrays.
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1.3 UAV Communication

1.3.1 Classification of UAVs

UAVs are classified according to the height it can achieve. Low altitude Platforms

(LAP) can attain height upto 5 km, Medium Altitude Platform (MAP) can achieve

height between 5 km to 10 km and High Altitude Platform (HAP) can attain height

more than 10 kms.

UAV Classification
Medium Altitude 

Platforms

Low Altitude 
Platforms

High Altitude 
Platforms

Figure 1.1: UAV Classification

1.3.2 Advantages of UAVs over Terrestrial Networks

UAVs provide several advantages over terrestrial networks such as:
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• Better line of sight availability

• Quick and mobile deployment to any location

• Group of UAVs can relay the traffic from remote areas to the desired loca-

tion

1.3.3 Applications of UAV Networks

UAVs are found to be useful in various applications such as:

Delivery systems

UAVs are useful to deliver daily life consumables to remote areas where normal

transportation is not cost feasible. It is also quite helpful in delivering products to

the residents of hilly areas.

Emergency Response Systems

Due to its flying capabilities, it is the best choice to provide emergency assistance

kit containing first aid items to the patients. It avoids jam packed highways and

could be life saving in the emergency situations.

Tracking and Imaging

UAVs are now becoming the first choice for imaging and tracking. It is used by

the firefighters to assess the situation of the fires in the forests. It is used by the

law enforcement agencies to have the real time video of the crime scene and to

track the cars or person in a crime scene. UAVs can be used for images of the
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battleground without indulging the military personnel hence act as another eye in

the battle field.

Agriculture

UAVs are also used in the agriculture field to spray seeds to the cultivation land.

Recently, they are used in Pakistan to kill swarms of Locusts.

Internet of Things

UAVs are often used to collect data from the IoT sensors located in the field. This

data can be further relayed to the core network through a swarm of coordinated

UAVs.

Wireless Communication

UAVs are becoming essential integral of any Heterogeneous communication net-

work due to its mobility and fast deployment. They can provide communication

if the existing infrastructure get destroyed in a disaster or the conventional infras-

tructure is not cost effective at any place such as remotely less crowded areas.

They are also very useful in overly crowded areas such as cricket stadium during

matches. They can be placed quickly to the overcrowded region to offload traffic

from BS.

1.4 TeraHertz Communication

The communication which takes place in 0.1 THz -10 THz frequency band is

referred as TeraHertz (THz) communication. With the emergence of Internet of
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Things (IoTs), Device-to-Device Communication (D2D), Autonomous Vehicles,

etc. data rate requirements rise to a new level. Existing wireless infrastructure

is not able to cope with such high data rates. Researchers are looking for new

avenues to fulfill the very high data requirements and to make these emerging

technologies a reality.

The propagation channel of THz frequency band is quite different from sub-

6 GHz and mmWave frequency band. Path loss is not limited to distance but

also to the molecular absorption of the signals. Different frequency ranges in

the THz frequency band have a different absorption behaviour. In some windows,

absorption is quite severe while others have a nominal absorption. In the literature,

researchers have also indicated several THz frequency windows which are suitable

for THz communication.

1.5 Thesis Motivation

The evolution of wireless generations is directly related to the need for high data

rates. This is the evolution from sending simple text messages to downloading a

few kbytes image and from there to download full high definition movie in sec-

onds. As the technology is evolving to fully autonomous systems, the data rate

requirements to make these technologies a reality is sky rocketing. From paying

house hold utility bills, to buy groceries or food, to make transactions for busi-

nesses, all are now possible from mobile phones. Millions of people are streaming

movies from Netflix and videos from youtube, uploading their photos and videos

on instagram and sharing their daily routines on social media. All of that need a lot

of bandwidth to support fast downloading and uploading. Technologies like au-
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tonomous vehicles, virtual reality, robotics all need very fast communication. The

basic motivation behind all this evolution of generations is to satisfy the high data

rate demands of the users to make these technologies a reality and provide com-

fort to the human race. Likewise the motivation behind this thesis is to propose a

HetNet environment which can provide better SINR coverage and rate coverage

to the users in different environments.

1.6 Research Gap

A lot of work has been carried out in the stochastic modeling of different cellular

networks over the years and is discussed in detail in literature review. In [28–30]

rate and coverage analysis of the millimeter wave cellular networks have been

carried out. In some other research works UAV aided networks have been stud-

ied. In [31, 32] analysis for the coverage probabilities have been performed in an

environment where UAVs are operating on millimeter wave frequencies. Several

works considered a HetNet environment such as in [33], a HetNet composed of

sub-6 GHz and THz cells is considered and interference and coverage analysis has

been performed. In [34], a HetNet consisting of sub-6 GHz MIMO enabled BS,

sub-6 GHz small cells and mmWave SBSs have been considered and coverage

analysis of the HetNet has been performed. All the above mentioned work have

either considered a single tier environment for the coverage and rate analysis or a

HetNet composed of either sub-6 GHz and mmWave BSs or sub-6 GHz and THz

small cells. Moreover to the best of our knowledge, the previous work done for

coverage and rate analysis in HetNets did not considered a HetNet composed of

sub-6 GHz MBS, UAVs and small cells operating on mmWave frequencies and
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small cells operating on THz frequencies. This is the first work that explored and

provided a detailed insight into the coverage and rate analysis of such a robust

HetNet.

1.7 Thesis Contribution

The major contributions of this thesis work are given below:

• In this first phase, performance analysis of the hybrid heterogeneous net-

work consisting of MBS and UAVs operating at sub-6 GHz and THz SCs

operating at 0.3 THz has been evaluated. Simulations are done considering

bandwith proportions for both the the fronthaul and backhaul links. Rate

and coverage probabilities have been found in different network configu-

rations like various densities of THz small cells, different allocations for

fronthaul and backhaul links and for various biased values. It has been ob-

served that the THz SCs provide very high data rates to the associated users

while MBS and UAVs operating at sub-6 GHz band provides better SINR

coverage. UAVs are also helpful to provide better coverage to the cell edge

users.

• In the second phase, a detailed stochastic analysis of sub-6GHz, mmWave,

THz communication and UAVs have been conducted. A HetNet compris-

ing of sub-6 GHz MBS, small cells and UAVs operating at mmWave fre-

quencies and small cells operating at THz frequencies is considered. User

association probabilities for various small cell densities have been derived.

The effect of biasness on the user association to a specific tier has also been
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observed. SINR and rate coverage probabilities for various bias factors are

depicted. The effect of UAV transmit powers on UAV association proba-

bility and SINR coverage probability of the HetNet is also analyzed. Rate

coverage probabilities for different TSC densities and THz bandwidths have

also been depicted. We have also shown the effect of sub-6 GHz UAVs and

mmWave UAVs on the SINR and rate coverage probabilities by changing

the proportion of sub-6 GHz UAVs w.r.t. mmWave UAVs in the HetNet. It

has been observed that HetNet can be configured in a way to provide better

rate coverage by making use of THz Small cells and better SINR coverage

by using sub-6 GHz BSs.

1.8 Thesis Organization

The organization of the thesis is as follows: Chapter 2 give an insight into mmWave

and THz communication. Chapter 3 provides literature review of all the technolo-

gies involved in HetNets comprising of mmWave, THz and UAVs. In Chapter

4 UAV-asssisted backhaul solutions in THz enabled Hybrid Heterogeneous Net-

works has been presented. Chapter 5 considers a Heterogeneous Network com-

prising of mmWave and THz-enabled Aerial and Terrestrial networks and depicts

the coverage analysis. At last, Chapter 6 give conclusions and future directions to

the research.



Chapter 2

Millimeter Wave and TeraHertz

Communication

2.1 Millimeter Wave Communication

With the introduction of Internet of Things [35–42], self-less driving cars, device

to device (D2D) communication [43–51] and other emerging technologies, de-

mand in high data rates rise to a significant level. This high data rate requirement

cannot be achieved by already over burdened sub-6 GHz band. By communicating

in mmWave band, this burdened can be reduced sufficiently. But communication

in millimeter wave frequency band is not very easy as in sub-6 GHz due to high

path loss. Millimeter wave communication provides a greater bandwidth which

significantly helps in limited bandwidth problem face in sub-6 GHz band.

The introduction of Internet of Things (IoTs), smart cities, self driving cars,

virtual reality, augmented reality, telesurgery etc. drive the need for very high data

rates. Sub-6 GHz band alone due to limited bandwidth is not able to satisfy all the

12
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data rate requirements. This creates a need to have a spectrum having very high

bandwidth. Millimeter wave band operating at 28 GHz and 73 GHz frequencies

provide a very high bandwidth at these frequencies.

2.2 Millimeter Wave communication in Physical Layer

There are different aspects and challenges that need to be addresses in physical

layer. Some of the aspects are depicted in Fig. 2.1.

2.2.1 Channel Modeling

Severe signal attenuation during propagation in mmWave Communication led to

the research of proper channel modeling. Several indoor and outdoor channel

models have been presented in the literature. Different scenarios such as:

• Offices

• Shopping malls

• Street canyons

• Indoor environment

• Short-range outdoor environment

• Urban dense environment

• Urban microcells

• Urban macrocells
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Beam Selection 
Algorithms
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Figure 2.1: Challenges in mmWave Physical Layer [1]

have been considered in the literature to evaluate parameters such as:

• Path loss

• Shadowing

• LoS Probability
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• Delay Spread

• Excess Delay

• RMS Delay

• Power Angle Profiles

• Power Delay Profiles

• Polarization

• Angular Dispersion

• Outage

• Attenuation

at 6 GHz, 28 GHz, 60 GHz, 73 GHz,and 100 GHz frequencies.

2.2.2 Physical Layer Security

Physical layer security is also of greater concern in mmWave frequency band as

reflectors can allow an eavesdropper to wiretap the data from high gain beam. So

the protection of data from eavesdropper needs essential transmission techniques

in mmWave communication [34].

2.2.3 NOMA

Improved spectrum efficiency can be achieved by Non Orthogonal Multiple Ac-

cess technique as it employ power multiplexing. Other advantages that the NOMA

access technique provides are:
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• Increased Fairness

• Low latency

• Improved Throughput

• Greater Reliability

• Massive Connectivity

2.2.4 Antenna Arrays

Another aspect of physical layer in mmWave communication is the design of the

antenna arrays. Very short wavelengths in mmWave communication allow the de-

sign of smaller antennas and possibility of high gains using beamforming. This

smaller size not only reduces the cost of the antennas but also allow to place

more number of antennas in a compact physical area. Wavelengths offered in the

mmWave communication at different frequencies are given in the table. Conven-

tional mmWave antennas are categorized into five types as shown in Fig. 2.2 [52].

Table 2.1: Millimeter Wavelengths

Parameter Value
28 GHz 10.7 mm
60 GHz 5 mm

300 GHz 1 mm

2.2.5 MIMO

Multiplexing gains that are provided by MIMO significantly contribute to high

energy and spectral efficiency. Beamforming with high gains and MIMO sig-



CHAPTER 2. MILLIMETER WAVE AND TERAHERTZ COMMUNICATION17

Conventional 
Millimeter Wave 
Antenna Types

Lens 
Antennas

Horn 
Antennas

Aperture 
Antennas

Microstrip 
Antennas

On-chip 
Integrated 
Antennas

Figure 2.2: Conventional Millimeter Wave Antenna Types

nificantly contributes in compensating severe attenuation experienced by signals

operating on mmWave frequencies.

2.2.6 Beam Selection Algorithm

Beamforming is generaly employed to compensate high penetration losses by use

of large antenna arrays [53, 54]. Several beamforming methods are available as

shown in Fig. 2.3.

Digital Beamforming

In digital beamforming, every element of the antenna array have a separate RF

stream. This type of beamforming is quite costly to implement in mmWave com-

munication systems.
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Figure 2.3: Types of Beamforming

Analog Beamforming

In analog beamforming, all the elements of the antenna array utilize a common

RF stream. This technique has been explored in MIMO based mmWave OFDM

systems.

Hybrid Analog/Digital Beamforming

This type of beamforming make use of digital phase shifters, after that processed

signals pass through analog beamforming. This beamforming is also commonly

used in mmWave communication systems.
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2.2.7 Precoding

To improve spectral efficiency in mmWave communication systems, beamform-

ing with multiple data streams known as precoding can be employed. There are

different types of precoding having different characteristics, namely

• Analog Precoding

• Digital Precoding

• Hybrid Precoding

2.2.8 Modulation

Its a very hot research topic in mmWave communication systems to determine

which type of moduation is best suited for mmWave communication. OFDM

has been widely employed in mmWave communication systems to increase the

spectral efficiency but issues such as high Peak to average power ratio (PAPR)

resulting in higher power consumption, the complexity of the amplifiers and the

redundancy in the cyclic prefix results in the utilization of other techniques. Sev-

eral candidate modulation schemes for mmWave communication is presented in

Fig. 2.4.

2.3 Technologies incorporating mmWave Commu-

nications

Millimeterwave communication can be a potential candidate for several Technolo-

gies such as given in Fig. 2.5.
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Figure 2.4: Modulation types in mmWave Communication

2.3.1 Tracking and Imaging

Emerging technologies such as Robots and Unmanned Aerial Vehicles needs track-

ing. Robots and UAVs can be used for imaging purposes. Communication at
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Figure 2.5: Technologies and Millimeter Wave Communication

mmWave frequencies such as 60 GHz can provide several benefits such as inter-

ference reduction by highly directed beams. Small antennas designed at such high

frequencies can be compactly packed in small devices.

2.3.2 Satellite Communication

Satellite communication services such as HDTV broadcast and also the intro-

duction of satellite internet such as by Starlink or Blue Origin, requires a huge

bandwidth. Federal Communication Commission allocate several bands for fixed,
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mobile, inter-satellite communication ranging from 30 GHz to 275 GHz which

are in mmWave frequencies.

2.3.3 Smart Devices

Recently, use of smart wearable devices are at peak to measure vital signs such

as heart rate, temperature, etc. These vital signs and other fitness parameters

such as number of steps, distance covered etc. are measured using sensors in the

wearable devices. Data generated by hundreds of people in close vicinity required

a high bandwidth. Millimeter Wave communication can play a significant role to

accommodate such high data rates. Factors such as interference between signal

from different devices and how to mitigate it is also a prospective research area.

2.3.4 5G mmWave Communication

Every ten years, a need arises to have a new generation of mobile communica-

tion subject to the increased demand in the downlink and uplink data rates. To

cater these demands, 5G mobile communication needs unused spectrum to cater

very high speed data communication. This spectrum is provided by mmWave

frequency bands such as 28 GHz and 73 GHz.

2.3.5 Internet of Things

With the evolution of internet, immense number of devices needs internet to con-

nect and transmit its data to cloud. Each of these devices need bandwidth to share

their data. Existing frequency bands are already overloaded so mmWave unused
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frequency band is a viable solution to accommodate Internet of Things (IoT) de-

vices.

2.3.6 Device to Device Communication

Device to Device communication works on the principle that the nodes communi-

cate with each other directly without the need of the BS. This greatly reduces the

latency. In mmWave communication, owing to the large antenna arrays providing

highly directed beams, D2D devices can operate effectively without interfering

with each other.

2.3.7 Machine to Machine Communication

Machine to Machine Communication relies on sensors to collect data from the ma-

chines and some wireless technology to send this data to control different machine

functions. M2M communication generates a large amount of data so mmWave

frequency range can provide huge bandwidth to cater the data transmission re-

quirements between machines.

2.3.8 Autonomous Vehicles

Vehicles are the most common mode of transportation. To make travel easier,

vehicular industry implement advanced technologies into their vehicles such as

cruise control, collision detection and internet services in the vehicle. The concept

of autonomous vehicles and self driving cars is also materializing now a days by

the advancements in wireless communications. The wireless technologies that are

being employed for vehicular networks are
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• ZigBee

• Bluetooth

• Ultra Wide Band (RFID)

• RFID

• 60 GHz mmWave frequency band

A vehicular network comprises of various V2X components such as:

• Vehicle to Vehicle (V2V)

• Vehicle to Internet (V2I)

• Vehicle to Sensor (V2S)

• Vehicle to Road Infrastructure (V2R)

All these wireless communications require a huge bandwidth. Millimeter wave

unused spectrum can be utilized for such high bandwidth requirements.

2.4 THz Communication

The high data rate requirements in 6G led to the option of considering communi-

cation in THz frequency band ranging from 0.1 THz to 10 THz. Communication

at such high frequencies experience very high losses in terms of propagation and

molecular absorption. The high available bandwidth at these frequencies make

this band a hotspot for researchers.
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2.5 Applications of THz Communication

THz communication due to its high data rates evolve as a potential candidate

for several applications such as 6G communication, secure military communica-

tion, personal area networks and applications pertaining to systems for monitoring

health etc.

2.5.1 6G communication

Humankind in the last few decades seen an evolution in the wireless communica-

tion. This evolution results due to an enormous increased in data communication.

Data hungry application requires a large bandwidth to support high data rates.

THz communications provides such a high bandwidth.

2.5.2 Secure Military Communication

TeraHertz due to its limited range because of its high propagation and molecular

absorption losses need huge antenna arrays to steer beams to a specific direction.

The communication through beamforming is quite helpful as it is more difficult

for the eavesdropper to tap a very narrow beam.

2.5.3 Personal Area Network

THz communication due to its limited range is mostly suitable for Personal Area

Networks. THz frequencies can provide very fast data transfers upto Tbps be-

tween personal devices.
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2.5.4 Systems for Monitoring Health

THz systems are quite helpful in communicating data in health systems used to

monitor different vital signs of humans with the help of the sensors. Data can be

transferred from the sensors to the mobile phone or some other communicating

device.

2.6 Challenges in THz band communication

THz communications pose several challenges in order to get benefit from its huge

bandwidth potential.

2.6.1 Transceiver Design

Communication at THz frequencies experience very high propagation and molec-

ular losses. To overcome such losses new transceiver designs are required which

provide high power and are also very highly sensitive. Various technologies

such as plasma wave and photonic [55, 56], graphene [57], silicon germanium

[58], indium phosphide and gallium nitride [59] have been proposed to develop

transceivers for THz devices.

2.6.2 Channel Modeling

Due to very high molecular absorption losses, channel models designed for low

frequencies are not adaptable to THz frequencies. Work has been done for channel

modeling mostly in 300 GHz range [18, 60]. In channel modeling, both LoS and

NLoS links pose several challenges.
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Channel Modeling in LoS Propagation

In [61], for the THz range of 0.1-10 THz authors have developed a LoS propa-

gation model. They have also proposed several transmission windows where the

effect of molecular absorption loss is quite less.

Channel Modeling in NLoS Propagation

NLoS communication due to presence of obstacles also presents several chal-

lenges. Different surfaces produce different scattering, reflection and diffraction

in THz frequency range and their characterization is also necessary.

2.6.3 TeraHertz Communication Windows

Communication at THz frequencies is highly prone to molecular absorption losses

in addition to high propagation losses. The amount of molecular absorption varies

at different frequencies. At some frequencies it is more severe than at other fre-

quencies. Researchers have studied, observed and presented several frequency

windows in THz band in which the effect of molecular absorption is much less

[62].

2.7 Conclusions

In this chapter, a brief introduction to mmWave and THz communication is pre-

sented. Different aspects especially related to physical layer of mmWave com-

munication such as security, channel modeling, MIMO, NOMA, precoding and

beamforming have been covered. This chapter also gives insight into some of the
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technologies incorporating mmWave communications such as satellite communi-

cation, 5G communication, M2M, D2D and Internet of Things. This chapter also

gives a brief introduction of THz communication and its windows. Several appli-

cations of THz band and also its challenges have been briefly discussed at the end

of the chapter.



Chapter 3

Literature Review

This chapter presents the background and literature review of different technolo-

gies used in this thesis such as unmanned aerial vehicles (UAVs) communica-

tion, mmWave communication and THz communication. State of the art work

in Heterogeneous network comprising of above mentioned technologies is also

presented in this chapter.

3.1 UAVs Communication

Unmanned aerial vehicles (UAVs), used as aerial networks is becoming an integral

part of any communication system. Features such as high mobility, flexible and

dynamic deployment and ability to vary heights make UAVs adaptable to various

network deployment scenarios [63–68]. UAVs are highly suitable for providing

coverage in scenarios involving disaster hit areas or highly crowded regions such

as sports events or musical concerts due to its quick mobility and dynamic de-

ployment [69–73]. Use of UAVs as communication platform comes with several

29
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constraints such as flight time of UAVs due to its limited battery life [74–79].

Researchers are working on key challenges such as path planning, UAV 3D place-

ments, energy conservation in UAVs etc [80–84].

UAVs with their ability to provide quick and infrastructure-less deployment

for fulfilling high demand for data rates give them pivotal importance in next-

generation networks [85–94]. Recent work on UAVs has focused on multiple av-

enues; such as its deployment in scenarios of infrastructure damage, for package

delivery and traffic surveillance [88]. The ability to change the altitude is a differ-

entiating aspect of UAV from the terrestrial base station based networks. In [95],

the authors introduced a framework to compute the optimal height of UAVs which

gives the maximum coverage probability and also proposed an environmental and

UAV height dependent geometric line-of-sight (LoS) model. In [96], the authors

investigate the efficient deployment of UAVs to provide coverage to users and used

the circle packing theory to determine the 3D-locations of UAVs to maximize the

coverage area and lifetime of UAVs. Moreover, the study focuses on the aspects

of mitigating the interference by adjusting the altitude of UAVs based on antenna

beamwidth. Recently, the use of UAVs in providing a backhaul opens up new

horizons for various applications. In a recent study [97], the use of UAVs in back-

hauling the network traffic to the core network has been considered. The authors

in [94] investigated the optimal positioning of UAVs to backhaul the data between

the core network and the small cells. The authors in [98] studied and analyzed var-

ious quality-of-service (QoS) metrics for a coexisting network of sub-6GHz and

mmWave UAVs. Numerous studies in analytical framework for coverage analysis

of elevated base stations has been conducted [99–101]. A lot of work has also

been done in mmWave-aided networks. In [102], the authors provided an analysis
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for rate, coverage and energy efficiency using tools from stochastic geometry in a

mmWave-aided multi-tier network. In [34], physical layer security has been ana-

lyzed in a massive MIMO HetNet. The coverage and rate analysis for mmWave

networks has been extensively studied in [28–30].

3.2 Heterogeneous Networks

Traditional base stations (BSs) due to their low frequency bands (sub-6 GHz) and

limited bandwidth are unable to cope with very high demand for data rates. This

demand raises the need to have small cells operating at high frequencies such as

millimeter (mmWave) and TeraHertz (THz) frequencies. On the other hand, the

need for infrastructure-less networks such as unmanned aerial vehicles (UAVs)

also gained importance as they can be utilized to serve over-crowded places or

regions where terrestrial networks are unable to provide coverage. The integration

of the above mentioned technologies has now become the focus of research to

meet the ever increasing demand of ultra high data rates. This has given rise to

so-called heterogeneous networks (HetNets), which offer attractive solutions by

amalgamating technologies operating at diverse frequency bands where each band

has its own coverage area, offered data rate, and operating power values.

The cellular network is facing a technological shift, to overcome the high data

rate requirements of ever-growing connected devices and the evolved multimedia

applications. The wireless network needs to be flexible to accommodate the differ-

ent requirements of each user by allowing the coexistence of different infrastruc-

ture and hence supports heterogeneity. The use of heterogeneous networks (Het-

Nets) was evolved by the deployment of a small cell with lower transmit power to
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overcome the challenges faced by a traditional macro base station (MBS) [103].

With the advancement in the cellular network and the incorporation of various

technologies, i.e., unmanned aerial vehicles (UAVs) and frequency bands such as

sub6-GHz, millimeter (mm)Wave [104–111] and Terahertz (THz), the HetNets

are becoming popular [112–116]. For instance, the use of UAVs and THz-based

communications has emerged as effective integration for the wireless network to

provide seamless coverage and to equip users with high bandwidth.

3.3 Communication in THz frequency band

Recently, the use of THz band to achieve high data rates has been explored in var-

ious studies. In [117], the authors surveyed the challenges in THz communication

and provided an in-depth analysis of THz networks. THz band imposes several

challenges such as limited coverage area due to high molecular absorption losses

and high path loss. In [118], the authors discussed the problems associated with

distance limitation at THz frequencies. The molecular absorption losses varies

significantly with the choice of frequency windows in THz band. In [62], the

authors studied the impact of various THz frequency windows for THz communi-

cation.

The exploration of the THz band to enable THz communication is considered

as a new frontier with immense opportunities in providing huge bandwidth op-

tions. THz band addresses the issue of spectrum scarcity and also enables various

new applications. In [117], the authors provide an in-depth insight of THz (0.1-

10THz) communication and surveyed the challenges in designing such devices.

They also discussed the high-speed transceiver architectures, problems related to
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propagation, different modulation schemes, capacity aspects and other challenges

encountered to perform a successful communication by using THz frequencies.

Moreover, the use of high frequencies, i.e., THz, also imposes challenges in the

form of high path loss and molecular absorption, which limits the coverage area.

The authors in [118], provided four different directions to tackle the distance

limitation problem in THz communication, such as reflect-arrays, ultra massive

multiple-input-multiple-output (MIMO) communication, distance-aware physical

layer design, and intelligent surfaces. The authors in [62], worked on the THz

window selection process to find the best window, which is least affected by the

molecular absorption loss.

3.4 Coverage and Rate Analysis in Heterogeneous

Networks

Rise in HetNet deployment raises the need for analytical framework to perform

coverage and rate analysis [119]. In [120], the authors performed the coverage and

rate analysis on a device-to-device (D2D) and UAV communication network. The

authors in [31,32,121,122], provided the analytical framework for coverage anal-

ysis for UAV-aided mmWave wireless networks. In [33], the authors derived the

coverage probability for a hybrid THz and radio frequency (RF) wireless network.

The authors in [123] computed the coverage probability in a network, where BSs

can either operate on THz or sub-6GHz frequencies. In [124], the authors con-

sidered an interference regime in a THz only network and computed the mean

interference.
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3.5 Backhaul Solutions in Heterogeneous Networks

With an increase in the number of small cells operating at very high frequen-

cies, the existing backhaul solutions formed by the combination of point-to-point

(P2P) microwave links and the optical fiber are not feasible, in terms of the cost

associated with them. In [125], the authors provide an insight into the baseband

signal processing for optical and wireless backhaul links. Their work addresses

the blending of coherent fiber technology with wireless THz transceiver architec-

tures. Higher costs are involved in licensing bandwidths for the deployment of

P2P links and non-affordability of laying optical fibers when an increased number

of small cells are involved. This makes the unlicensed THz enabled backhauling

solution a preferred choice. The use of the THz band eliminates the licensing cost

and the price associated with costly fiber layout is waived [126]. The coexistence

of hybrid technologies has the potential to serve and provide data rates that could

not be possible through existing terrestrial wireless infrastructure.

3.6 Conclusions

In this chapter, literature review has been conducted on UAV communication,

mmWave communication, Heterogeneous Networks and THz communication. Sev-

eral works have been discussed covering the rate and coverage analysis either in

single tier networks comprising of either sub-6 GHz, mmWave, THz or UAV com-

munication or a HetNet of different configurations such as composed of sub-6

GHz and THz SBSs or a HetNet comprising of sub-6 GHz and mmWave small

cells. To the best of our knowlege, no work has been done on coverage and rate
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analysis of a HetNet composed of sub-6 GHz BSs, mmWave SBSs, THz SBSs

and UAVs. Our work is the first one to provide detailed coverage and rate analysis

of such a HetNet.



Chapter 4

UAV-Assisted Hybrid Heterogeneous

Network

The coexistence of hybrid technologies has the potential to serve and provide data

rates that could not be possible through existing terrestrial wireless infrastructure.

To the best of our knowledge, limited research has been done in the integration

of UAVs with small cells and none of the work has focused on the performance

analysis of a HetNet having a combination of THz, and microwave base station

with a layer of UAVs.

This chapter present a three-tier hybrid heterogeneous network consisting of

MBS in tier 1 and UAVs in tier 2, both operating at sub-6 GHz band, with multiple

small cells operating at THz frequency band constitute the tier 3. The small cells

operating on the THz band with wireless backhaul capability can serve the users

along with backhauling the traffic to the core network. On the other hand, the

small cells operating on the THz band without wireless backhaul capability can

serve the users whereas it can utilize the neighboring MBS, UAVs or THz enabled

36
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Figure 4.1: Graphical description of the system model of a multi-tier hybrid Het-
Net comprising of a MBS, multiple THz enabled small cells, and multiple UAVs.

small cells for backhauling the traffic to the core network.

A detailed system performance analysis of the proposed multi-tier hybrid Het-

Net is carried out to demonstrate the coverage and rate probability trends subject

to the available capacity of the wireless backhaul links. The simulation results

also demonstrate that the users can be offloaded from the traditional cellular in-

frastructure such as sub-6 GHz MBS to the small cells operating on THz bands

and UAVs operating on sub-6 GHz band.

4.1 System Model

We consider a multi-tier hybrid HetNet scenario comprising of a MBS with S THz

enabled small-cells and U UAVs, serving K users, as depicted in Fig. 4.1. The

MBS and UAVs are operating at sub 6-GHz frequency bands whereas the small
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cells are operating at THz frequency band. It is also assumed that each MBS is

equipped with the backhaul capabilities to backhaul their traffic to the core net-

work via fiber links whereas only one third of the UAVs labeled as Anchor UAVs

are equipped with the backhaul capabilities. It is also considered that some of the

small cells operating on THz frequency band have their own backhaul capabilities

labeled as Anchor THz Access Points whereas the remaining small cells labeled

as THz Access Points and UAVs can utilize the MBS, Anchor UAVs or Anchor

THz Access points to backhaul their trafiic to the core network. It is also assumed

that the base stations (BS) belonging to any tier with their own backhaul capabil-

ities can satisfy the capacity requirements for the users in the access link. The BS

of a tier can distribute their available spectrum resources for the both backhaul

and access links. We assume that the BS of a tier j can allocate the proportion of

spectrum resources (α j) for the access links and remaining portion of spectrum

resources (1−α j) for the backhaul links, respectively.

We have considered a multi-tier HetNet comprising of three tiers. The macro

cell operating at sub-6 GHz constitute tier 1, small cells operating at THz band

constitute tier 2 and UAVs operating at sub-6 GHz band constitute tier 3, respec-

tively. It is assumed that the location of BSs follow a two dimensional homo-

geneous Poisson point process (HPPP) with intensity Φ j and density λ j where

j ∈ {MBS,SC,UAV}. Using the Nakagami fading model, the envelope of the

fading has the probability density function (PDF) given as [127]

|g| ∼ f|g|
(
x,µq

)
,

µ
µq
q xµq−1 exp{−µqx}

γ
(
µq
) ,∀x > 0, (4.1)

where µq is the Nakagami fading parameter wherein q ∈ {Lm,Nm} and γ
(
µq
)

is
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the gamma function. Here Lm and Nm represent the LoS and NLoS propagation

environments, respectively, and the Nakagami parameter is characterized for each

environment differently. The small scale fading between the BS and the typical

user is considered to be independent Nakagami fading with Nakagami fading pa-

rameter µLm and µNm for LoS and NLoS links, respectively. Both µLm and µNm are

considered as positive integers [127]. It is important to highlight that for the sub-6

GHz network, g is assumed to be Nakagami fading with µq = 1 [127]. The path

loss model for MBS tier operating at sub-6 GHz band at the separating distance d

is given by

PLMBS = 20log
(

4π f MBS
c
c

)
+10β log(d)+χ, (4.2)

where f MBS
c is the carrier frequency, c is the speed of the light, d is the separating

distance between the MBS and the user, β is the path loss exponent and χ ac-

counts for shadowing in sub-6 GHz band. To compute path loss model for UAVs,

we use geometric model given in [95] to derive the line-of-sight (LoS) probability

denoted by PLoS between the user and UAV. This model incorporates elevation an-

gle, φUAV, for sub-6 GHz band UAVs. The elevation angle φUAV, can be computed

as

φUAV = arctan
(

h
x

)
, (4.3)

where h represents the height of the UAV and x is the horizontal distance between

UAV and user. The LoS probability (PLoS) between user and UAV can be calcu-
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lated similar to [95] as follows

PLOS =
1

1+aexp [−b(φUAV−a)]
, (4.4)

where the parameters a and b are dependent upon environment in region of interest

(RoI). The non-line of Sight (NLoS) probability is given by

PNLoS = 1−PLoS (4.5)

By using the aforementioned calculated LoS and NLoS probabilities, we can

compute the average path loss of a UAV operating at sub-6 GHz band as

PLUAV = FSPL+PLoS×PLUAV
LoS +PNLoS×PLUAV

NLoS, (4.6)

where PLUAV
LoS and PLUAV

NLoS are excessive path losses introduced for LoS and NLoS

sub-6 GHz UAV communication [98] and FSPL is the free space path loss and is

given by

FSPL = 20× log
(

4π f UAV
c x
c

)
, (4.7)

where f UAV
c is the carrier frequency of UAV operating on sub-6 GHz band, c is

the speed of light and x is the separating distance between the UAV and the user.

The path loss model for SC operating at THz frequency band similar to [61] can

be expressed as

PLSC = PL( f ,d)spread[dB]+PL( f ,d)absorption[dB], (4.8)
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where PL( f ,d)spread is the spreading loss due to the expansion of wave as it travels

through the medium, and is given by

PL( f ,d)spread[dB] = 20× log
(

4π f d
c

)
, (4.9)

where d is the distance between the SBS and user, f is the carrier frequency of

SC operating on THz band and c is the speed of light. PL( f ,d)absorption is the

attenuation in the EM wave of frequency f due to molecular absorption while

traveling a distance d. PL( f ,d)absorption is related to transmittance of a medium,

τ , given by

PL( f ,d)absorption[dB] =
1

τ ( f ,d)
= exp−k( f )d, (4.10)

where k( f ) is the frequency-dependent molecular absorption coefficient [128].

k( f ) can be calculated by using radiative transfer theory and the information

provided by the high resolution transmission molecular absorption (HITRAN)

database [129]. The received power of a user associated with tier j can be com-

puted as

Pr, j[dB] = Pt, j +G(φ j)+µ j−PL j : j ∈ {MBS,UAV,SC}, (4.11)

where, µ j is the multi-path fading and G(φ j) is the directional antenna gain. The
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directional antenna gain, G(φ j), is given by

G
(
φ j
)
[dB] =


0 j ∈MBS

Y
ωh×ωv

= Y
ω2 j ∈ {UAV,SC}

, (4.12)

where Y is an aperture dependent factor, and ωh and ωv are the horizontal and

vertical beamwidths, respectively. It is assumed that the horizontal and vertical

beamwidths are identical such that ωh=ωv= ω . The multi-path fading co-efficient,

µ j, can be given as

µ j[dB] =


0 j ∈MBS

µq j ∈ {UAV,SC} q ∈ {LoS,NLoS}
(4.13)

The received power of each user associated with MBS tier can be given as

Pr,MBS
[
dB
]
= Pt,MBS−PLMBS, (4.14)

where Pr,MBS is the received power and Pt,MBS is the transmitted power. The max-

imum biased average received power with tier j is given by

Pr, j[dB] = Pt, j +G(φ j)+µ j−PL j +θ j : j ∈ {MBS,UAV,SC}, (4.15)

where Pr, j is the received power from jth tier, Pt, j is the transmission power of tier

j, PL j is the path loss from tier j and θ j is the bias factor for the tier j.
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4.2 Performance Analysis

Assuming no power control, the users connected to the MBS operating at sub-

6 GHz band will experience interference from the UAVs belonging to the tier 3

operating at sub-6 GHz band. Then signal-to-interference plus noise ratio (SINR)

of a user u connected with the serving MBS b0 of tier M is given as

SINRu,MBS =
Pr,MBS

∑i∈{MBS/b0 ∪ UAV}Pi +σ2 , (4.16)

where Pi is the sum of interference from all the neighboring UAVs operating at

sub-6 GHz band and σ2 is the noise power spectral density. The achievable data

rate of each user connected with MBS tier in the downlink transmission is given

by

Ru,MBS =
αMBS×BMBS

UMBS
× log2

(
1+SINRu,MBS

)
, (4.17)

where BMBS is the total bandwidth available to the MBS tier to serve the users and

UMBS is the total number of users associated to the MBS tier.

Similarly, the users connected to a UAV will get interference from other UAVs

and MBS operating at sub-6 GHz band. The SINR will be computed as

SINRu,UAV =
Pr,UAV

∑i∈{MBS ∪ UAV/u0}Pi +σ2 , (4.18)

where σ2 is the noise power spectral density. The achievable data rate for each
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user will be

Ru,UAV =
αUAV ×BUAV

UUAV
× log2

(
1+SINRu,UAV

)
, (4.19)

where BUAV is the bandwidth available to the UAV operating at sub-6 GHz fre-

quency band and UUAV is the number of users connected to the UAV operating

at sub-6 GHz frequency band. Similarly, the users connected to SC will get only

interference from other SCs. The SINR will be computed as

SINRu,SC =
Pr,SC

∑i∈SC/s0 Pj +σ2
T Hz

, (4.20)

where σ2
T Hz is the noise power spectral density at THz frequency band. The

achievable data rate for each user will be

Ru,SC =
αSC×BSC

USC
× log2

(
1+SINRu,SC

)
, (4.21)

where BSC is the bandwidth available to the SBS operating at THz frequency band

and USC is the number of users connected to the SBS operating at THz frequency

band. The achievable rate of the users connected to UAVs and THz SCs without

their own backhual capability is restricted by the available backhaul capacity of

the selected BS of any tier for the wireless backhaul and is given by

Reffective
u, j = min

(
Ru, j,RBH

u,w
)
, j ∈ {UAV,SC} w ∈W, (4.22)

where RBH
u,w is the achievable rate of user u in the backhaul link with the selected

BS belonging to W having its own backhaul capability. The SINR coverage prob-
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ability at a given threshold τ j is given by

Pcov, j
(
τ j
)
= P

(
SINRu, j > τ j

)
(4.23)

Similarly, the rate coverage probability for a given threshold, γ j, is given by

PRate, j(γ j) = P(Reffective
u, j > γ j) = P

(
SINRu, j > 2

γ j×Uj
αJ×B j −1

)
(4.24)

The total coverage probability, Pcov (τ), using the total law of probability can

be computed by

Pcov (τ) = ∑
j∈J

A j×Pcov, j
(
τ j
)
, (4.25)

where J = {MBS,SC,UAV}, Pcov, j
(
τ j
)

is the coverage probability of tier j for the

given SINR threshold τ j and A j is the association probability of tier j. Similarly,

the total rate coverage probability PRate (γ) using the total law of probability can

be computed by

Peffective rate (γ) = ∑
j∈J

A j×PRate, j
(
γ j
)
, (4.26)

where PRate, j
(
γ j
)

is the rate coverage probability of tier j for the given rate thresh-

old γ j.
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Table 4.1: Simulation Parameters

Parameter Value Parameter Value
f MBS
c , f UAV

c 2.4 GHz NF 9 dB

BMBS,BUAV 20 MHz K 200
Pt,MBS 40 dBm β 3
Pt,UAV 30 dBm hUAV 30 m

b 0.11 a 9
µLoS,µNLoS 5, 1 f T HF

c 0.3 THz
Pt,SC 20 dBm k(f) .0033 m−1

Area 250000 m2 BSC 10 GHz

4.3 Performance Evaluation

The proposed multi-tier HetNet framework is evaluated by performing in-detail

simulations in MATLAB. The results demonstrate the effectiveness of offloading

the users from the traditional cellular infrastructure to small cells operating on

THz bands and the UAVs operating at sub-6 GHz. Moreover, the Monte Carlo

simulations have been carried out to further validate the simulation results. In

this simulation setup, we have assumed K number of users which are generated

uniformly and are deployed randomly in an area of 500 × 500 m2. The number

of users can vary, we have assumed a random number K = 200 for our simula-

tion setup. The downlink transmission power for each tier, i.e. MBS, UAVs and

THz cells, are denoted by Pt,MBS, Pt,UAV and Pt,SC, respectively. The operating

frequency f MBS
c of MBS and the UAVs f UAV

c is 2.4 GHz (sub-6 GHz frequency

band), while THz-enabled cells are operating at f T HF
c = 0.3 THz frequency. The

bandwidth of each tier is represented as BMBS and BUAV for sub-6 GHz operations,

whereas, BSC is used to support THz-enabled users. A constant path loss exponent

β = 3 is assumed for all tiers. Moreover, it is assumed that the UAVs are located at
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a height of hUAV = 30 m with respect to a perpendicular distance from the ground

plane. Furthermore, the detailed simulation parameters are listed in Table 5.2.

4.3.1 Association Probabilities for different Bias values in a

HetNet

Fig. 4.2 shows the association of users to each tier in a HetNet for different bias,

θSC, values. The bias values are important to compensate for the high propagation

losses associated with THz frequencies and to offload users from the MBS-tier

to THz-tier. We have considered the bias value for UAVs, to offload the users

from MBS to different UAVs-enabled cells. In Fig. 5.2 the bias value of UAVs is

assumed to be 5 dB. The bias value of 5 dB is assumed for UAVs due to its low

transmit power 1W as compared to MBS transmit power 10W to offload some

users from MBS to UAVs. It can be seen in Fig. 5.2, that by keeping the value

of θUAV fixed and increasing the value of θSC, more users start to offload from

the MBS to THz-tier. This type of user-association helps to fulfill the demands of

users requiring a very high data rate to meet their QoS needs.

If we increase the number of users in the given area, user associates to the BS

or UAV of a particular tier which provides maximum biased received power. If we

increase the bias power of UAV from 5 dB to some higher value, it would follow

the same trend as of SBS association curve in Fig. 5.2. More biased power for

UAV means more number of users will now get associated with UAVs and we will

see an increase in the association probability for UAVs.
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Figure 4.2: Association probability versus varying θSC with θUAV = 5 dB,
θMBS = 0 dB, λMBS = 4× 10−6 BS/m2, λSC = 100× λMBS BS/m2, λUAV =
3×λMBS BS/m2 and τMBS = τSC = τUAV = 0 dB.

4.3.2 Coverage probability for varying THz BSs density in a

HetNet

Fig. 4.3 depicts the rate coverage probability of the total users in the network by

varying the density of THz BSs, i.e., by increasing the number of THz-enabled

cells in the network. By increasing the number of THz-enabled SBSs in the given

area, the number of users associated with SBSs increases. In Fig. 4.3, it can be

seen that by increasing the number of THz-enabled SBSs from 40 to 130, the

effective rate coverage probability is increased by 22 % from 0.15 to 0.37 for

a threshold of 100 Mbps. This increase is due to the fact that as we increase the
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Figure 4.3: Effective rate coverage probability versus rate threshold γ for vary-
ing density of THz-enabled SBSs with λMBS = 4× 10−6 BS/m2, λUAV = 3×
λMBS BS/m2, θSC = 30 dB, θMBS = 0 dB, θUAV = 6 dB and τMBS = τSC = τUAV = 0
dB.

number of THz SBSs more number of users will be offloaded from sub-6 GHz BSs

and associate with THz-enabled SBSs. This increase in the effective rate coverage

probability is due to the large bandwidth available at the THz frequencies.

4.3.3 Rate Coverage Probability versus Bandwidth Proportion

in Access and Backhaul Links

The variation on rate coverage probability for each user, by changing the pro-

portion of bandwidth of each link, i.e., the bandwidth reserve by each BS for its

access and backhaul operation is shown in Fig. 4.4. In Fig. 4.4, the tuning pa-
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rameter α is assumed to be the same for all the tiers. It has been seen that users

will experience high data rates when the BSs reserve equal proportion (α=0.5) of

its allotted bandwidth to access and backhaul links. Assigning an unequal portion

of bandwidth to access and backhaul links results in a reduction in data rates for

each user.
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Figure 4.4: Effective rate coverage probability versus rate threshold γ for vary-
ing α with λMBS = 4× 10−6 BS/m2, λSC = 100× λMBS BS/m2, λUAV = 3×
λMBS BS/m2, θSC = 30 dB, θMBS = 0 dB, θUAV = 6 dB and τMBS = τSC = τUAV = 0
dB.
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Figure 4.5: Trend of user association with THz cells and SINR coverage probabil-
ity versus varying θSC with λMBS = 4×10−6 BS/m2, λSC = 100×λMBS BS/m2,
λUAV = 3×λMBS BS/m2, θMBS = 0 dB, θUAV = 6 dB and τMBS = τSC = τUAV = 0
dB.

4.3.4 User Association with THz cells and SINR Coverage Prob-

ability versus varying Bias Values

Fig. 4.5 shows the variation of the results related to the associated probability of

users to THz cells and the SINR coverage probability w.r.t varying the THz bias

value from 0 dB to 100 dB. The SINR coverage threshold τ is set to be 0 dB, and

the SINR performance is depicted for different THz biasing values. It is observed

that the best performance of SINR is achieved without biasing the THz cells. As

we increase the bias value, the SINR starts degrading. This is due to the presence
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of high propagation losses at THz frequencies and as more users get associated

with THz cells, it results in the overall degradation of total SINR. As THz bias

factor, θSC is increased from 0 to 40 dB having τ = 0 dB, the SINR coverage

probability drops from 0.92 to 0.62.

4.3.5 SINR Coverage and Effective Rate Probabilities versus

different SINR threshold values
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Figure 4.6: Impact of SINR threshold on coverage probability and effective rate
coverage probability with λMBS = 4× 10−6 BS/m2, λUAV = 3× λMBS BS/m2,
θSC = 30 dB, θMBS = 0 dB, θUAV = 6 dB and γ = 1 Kbps.

To further justify the performance improvement in the SINR and rate cover-

age probability of the users, we have shown the variation on SINR coverage and
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effective rate probabilities against the different SINR threshold values in Fig. 4.6.

Rate coverage probability is analyzed for a threshold of γ = 1 Kbps. For this sim-

ulation result, we have fixed the values of θMBS = 0 dB, θUAV = 6 dB, and θSC

= 30 dB, respectively. It can be seen that the rate coverage probability drops as

the SINR threshold is increased. This is due to the fact that the number of users

in coverage decreases with the increasing threshold. It can also be noted that as

the SINR threshold is varied from 0 to 20 dB, the SINR coverage probability of

HetNet drops down to 20%.

4.4 Conclusions

In this chapter, a Heterogeneous Network consisting of sub-6 GHz frequency

bands enabled MBS and UAVs and small cells operating at THz frequencies is

considered. It has been observed from the simulation results that sub-6 GHz BSs

outperforms TSCs in providing better SINR coverage, whereas, THz cells provide

users with very high data rates hence help in fulfilling high Quality-of-Service

requirements. Effect on rate coverage probabilities have also been observed by

changing the proportion of bandwidths in access and backhaul links. Simulation

results also show that use of HetNet provides better coverage to the users than the

traditional networks by making use of UAVs mobility and fast deployment to the

cell edges. Also mmWave and THz large bandwidth provide very high data rates

that are not achievable by traditional sub-6 GHz networks.



Chapter 5

Coverage Analysis of Heterogeneous

Network

Heterogeneous networks emerge as a viable solution to the problems such as cov-

erage holes, overly crowded areas and the coverage for end users located at the

boundary of the coverage area. Placement of small cells operating at mmWave and

THz frequencies can greatly improve the rate coverage probability of the users. In-

duction of UAVs in the HetNet make provision for deployments in crowded areas

such as sports matches and political gatherings. UAVs provide better coverage

due to its ability to provide Line of Sight links to the users.

This chapter presents an extensive analytical framework based on tools from

stochastic analysis for coverage and rate analysis in a multi-tier HetNet compris-

ing of four tiers. Macro base station (MBS) operating on sub-6 GHz constitute

tier 1, small cells operating on mmWave frequency represents tier 2,THz enabled

small cells make up the tier 3 and UAVs operating at mmWave frequencies repre-

sents tier 4. [130].

54
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Figure 5.1: A graphical snapshot of integrated aerial and terrestrial heterogeneous
network consisting of MBS operating at sub-6 GHz band with density λ1 = 4×
10−6 BS/m2, mmWave-enabled access points with density λ2 = 3× λ1 BS/m2

and THz-enabled access points with density λ3 = 3× λ1 BS/m2 supported by
aerial base stations with density λ4 = 3×λ1 BS/m2 in area with cellular radius =
500 meters.

5.1 System Model

We consider a multi-tier HetNet as shown in Fig. 1. The tier 1 consists of sub-6

GHz MBSs, tier 2 is composed of mmWave small cells (MSC), tier 3 comprises

of THz small cells (TSC) and tier 4 constitutes mmWave UAVs. Independent ho-

mogeneous Poisson point processes (HPPP), φi, are used to model BS locations

having densities λi where i ∈ {1,2,3,4} for MBS, MSC, TSC and UAV, respec-

tively. It is assumed that all the BSs of a particular tier have the same transmission

power. The user locations also follow an independent homogeneous PPP, φu, with

density λu. Each user measures the channel quality and associates with the BS

providing maximum biased average received power. The envelope of the fading,



CHAPTER 5. COVERAGE ANALYSIS OF HETEROGENEOUS NETWORK56

|h|, between a transmitter and a receiver, follows a Nakagami fading model and

its probability density function (PDF) is as follows

|h| ∼ f|h| (l,Ωw),
ΩΩw

w lΩw−1 exp{−Ωwl}
γ (Ωw)

,∀l > 0, (5.1)

where Ωw is the Nakagami fading parameter wherein w ∈ {lm,nm} and γ (.) is the

gamma function. Ωlm and Ωnm are Nakagami fading parameters, where LoS and

NLoS propagation environments are represented by lm and nm, respectively. The

Nakagami parameter for each environment is differently characterized. The chan-

nel for sub-6 GHz frequencies is assumed to be Rayleigh fading, i.e., Nakagami

fading with Ωw = 1.

In our work, the maximum biased received power is considered for user asso-

ciation with a BS. The association scheme determines the tier k for a typical user

such that

k = arg max
i∈{1,2,3,4}

(
PiψiGix−βi

)
, (5.2)

where Pi is the transmission power of tier i, ψi is the bias value of ith tier, Gi

denotes the antenna gains for tier i, x represents the distance between the typical

user and the BS of tier i, βi is the path loss exponent of tier i, fc,i is the carrier

frequency of that particular tier and c is the speed of light. We now discuss the

system model of each tier.



CHAPTER 5. COVERAGE ANALYSIS OF HETEROGENEOUS NETWORK57

5.1.1 Sub-6 GHz MBS tier

The received power at a typical user in tier 1 (i.e. MBS) is given as

Pr,MBS
[
dB
]
= P̃1−PLMBS, (5.3)

where P̃1 is the biased transmitted power and PLMBS is the path loss of tier 1.

PLMBS can be evaluated as

PLMBS = 20log
(

4π fc,1

c

)
+10β1 log(x), (5.4)

where fc,1 represents the carrier frequency, x denotes the distance between the

transmitter and the receiver, and β1 is the path loss exponent. The signal-to-

interference plus noise ratio (SINR) experienced by a typical user is given as

SINRMBS =
Pr,MBS

σ2
1 + I1

, (5.5)

where σ2
1 denotes the power spectral density of the noise and I1 =∑k∈φ1/{ao} P̃1hkx−β1

k

is the cumulative interference from other BSs in tier 1.

5.1.2 mmWave Small Cell tier

The mmWave small cells are distributed using a PPP and because of the block-

ages in the mmWave band, this distribution can be further divided into two inde-

pendent non-homogeneous PPPs, φmm,L and φmm,N for LoS and NLoS mmWave

small cells, respectively, by using the independent thinning theorem. For analyt-

ical tractability, a typical user is assumed to be located at origin O. The user is
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considered in LoS to MSC BS located at T if there is no blockage in the path

OT . φmm,L and φmm,N have the densities PLoS(x)λ2 and (1−PLoS(x))λ2, where

PLoS(x) is the LoS probability function. The function PLoS(x) can be evaluated

using blockage models from stochastic geometry or from field measurements and

is given by e−ϕx where ϕ is the environment-dependent variable and x is the dis-

tance between transmitter and the receiver.

The MSC tier incorporates directional beamforming to compensate for the

path loss at mmWave frequencies. For the MSC tier, the SINR experienced by a

typical user connected to serving MSC bo is given by

SINRMSC =

P̃2︷ ︸︸ ︷
P2ψ2 Gmm

r Gmm
t hxx−β2

∑i∈(l,n)∑ j∈{φmm/bo ∪ φUAV } P̃2GV h jx
−β2i
j +σ2

2

, (5.6)

where P2 represents the transmit power of MSC BS, ψ2 is the bias factor, P̃2 is

the biased transmit power, Gmm
r and Gmm

t are the receiver and transmitter antennas

main lobe gains, respectively, hx is the Nakagami fading, x denotes the distance

between the user and the MSC, β2 is the path loss exponent, l and n represents the

LoS and NLoS interfering links, φmm and φUAV represents the PPP distributions

for mmWave small cells and UAVs and σ2
2 is the noise power spectral density.

The directivity gain of the interfering antenna is given by Gmm
V . Both BSs and

users are assumed to be in perfect alignment so the desired link directivity gain is
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given by Gmm
r Gmm

t . The directivity gain, Gmm
V , where V ∈ {1,2,3,4} is given as,

Gmm
V =



G1 = Gmm
r Gmm

t , with prob.
ΘrΘt

4π2

G2 = Gmm
r gmm

t , with prob.
Θr (2π−Θt)

4π2

G3 = gmm
r Gmm

t , with prob.
(2π−Θr)Θt

4π2

G4 = gmm
r gmm

t , with prob.
(2π−Θr)(2π−Θt)

4π2

, (5.7)

where gmm
t and gmm

r are side lobe gains for transmitter and receiver, and the half

power beamwidths of transmitter and receiver are given by Θt and Θr.

5.1.3 THz Small Cell tier

Because of dense deployments and high molecular absorption losses, the LoS

transmissions become dominant over NLoS transmissions. The channel power

for the LoS communication is modeled between users and THz small cells as

l (x) = exp(−k ( fc,3)x)x−β3, (5.8)

where x denotes the distance, fc,3 represents the THz frequency and k ( fc,3) is the

molecular absorption coefficient dependent on frequency [129]. The directional

transmitter and receiver antenna gains GT
t (Θ) and GT

r (Θ) are modeled as

GT
y =


GT (max)

y , |Θ| ≤ sy

GT (min)
y , |Θ|> sy

, (5.9)
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where y∈{t,r}, Θ represents the beamwidth angle, sy is the main lobe beamwidth,

GT (max)
y and GT (min)

y represents the main lobe and side lobe beamforming gains,

respectively.

The SINR of a user in tier 3 can be computed as,

SINRT =

P̃3︷ ︸︸ ︷
P3ψ3 GT (max)

t (Θ)GT (max)
r (Θ) l (x)

σ2
3 + I3

, (5.10)

where I3 = ∑i∈φT /co P̃3GT
y l (xi) is the cumulative interference from other TSCs, xi

represents the distance, P3 denotes the transmit power of the THz BS, ψ3 is the

bias factor and σ2
3 is the thermal noise.

5.1.4 mmWave UAV tier

UAVs are distributed in the considered region of interest according to a PPP, φUAV ,

with density λ4. λ4 is divided into two independent PPPs with densities λ4 and

λ̃4. λ4 represents the proportion of UAVs operating on mmWave band denoted

by α×λ4 whereas λ̃4 represents the proportion of UAVs operating on sub-6 GHz

band denoted by (1−α)× λ4. Because of the blockage effect in the mmWave

band, the UAV network can be further divided into two independent PPPs. One

non-homogeneous PPP, φL, represents the LoS mmWave UAVs and has a density

of α ×λ4×PLoS(x). Similarly, other non-homogeneous PPP, φN , represents the

NLoS mmWave UAVs with density α ×λ4× (1−PLoS(x)). A geometric model

given in [95] is used for the derivation of LoS probability, PLoS, and is given as

PLoS =
1

1+au exp [−bu (ΛUAV −au)]
, (5.11)
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where au and bu are environment dependent parameters and ΛUAV is the elevation

angle. ΛUAV is given by

ΛUAV = arctan

(
ht√

r2−h2
t

)
, (5.12)

where ht denotes the height of the UAV, r represents the 3D distance and
√

r2−h2
t

represents the horizontal distance between UAV and a user. The NLoS probability

is given by

PNLoS = 1−PLoS, (5.13)

Because of the existence of two links, LoS and NLoS, between the user and the

UAV due to blockages, two different path loss functions for LoS and NLoS links

exist and are given as,

PL(r) =


PLL (r) =CLr−βL

PLNL (r) =CNr−βN

, (5.14)

where CL and CN are the intercepts for the LoS and NLoS formulas, βL and βN

are the LoS and NLoS path loss exponents. The values of βL, βN , CL and CN

are found using field tests [121, 131]. The antenna gain for the UAV mmWave
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network, Guav
e , where e ∈ {1,2,3,4} is given as,

Guav
e =



G1 = Guav
r Guav

t , with prob.
ΘrΘuav

4π2

G2 = Guav
r guav

t , with prob.
Θr (2π−Θuav)

4π2

G3 = guav
r Guav

t , with prob.
(2π−Θr)Θuav

4π2

G4 = guav
r guav

t , with prob.
(2π−Θr)(2π−Θuav)

4π2

, (5.15)

where Guav
t , Guav

r and guav
t , guav

r are main lobe gains and side lobe gains for trans-

mitter and receiver, and the half power beamwidths of transmitter and receiver are

given by Θuav and Θr.

Considering now the user associates with LoS and NLoS UAV uo at a distance

r, then the SINR can be given as,

SINRUAV =

P̃4︷ ︸︸ ︷
P4ψ4 r−β4hrGuav

r Guav
t

I4 +σ2
4

(5.16)

where P4 is the UAV transmit power, h is the Nakagami fading, Guav
e is the an-

tenna gain, ψ4 is the bias factor, I4 = ∑i∈(l,n)∑ j∈{φUAV /uo ∪ φmm} P̃4Guav
e h jr

−β4i
j is

the aggregate interference power from other UAVS and mmWave small cells, and

σ2
4 is the noise power spectral density.

5.2 Performance Evaluation

In this section, we derive the association and coverage probabilities of a typical

user, assumed at origin, which is connected to one of the HetNet tiers. We start

with the following lemma.
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Table 5.1: List of Symbols

Pi Transmit power of tier i
P̃i Biased transmit power of tier i
ψi Bias value of tier
β Path loss exponent
fc,i Carrier frequency of tier i

Ωlm ,Ωnm Nakagami fading parameters for LoS and NLoS propagation environments
Pr Received Power

Gr,Gt Main lobe antenna gains for receiver and transmitter
gr,gt Side lobe antenna gains for receiver and transmitter
au,bu Environment dependent parameters

λi BS density of tier i
φmm,φUAV PPP distribution of mmWave small cells and UAVs

x Distance between the transmitter and receiver
Θr,Θt Receiver and transmitter half power beamwidths
PLoS(x) Probability of line of sight for mmWave small cells
PLoS Probability of line of sight function for UAVs
ΛUAV Elevation angle of UAV

ht Height of the UAV
r Distance between the UAV and the user

PL Path loss function
Γi SINR Threshold of tier i
δi Association probability of tier i

fXi (x) PDF of the distance between the typical user and BS
P1

c (Γ1,x) Conditional coverage probability for a user and the serving BS for distance x
Ev,i (Γ,x) Interference terms from LoS(NLOS) mmWave small cells
Hv,i (Γ,r) Interference terms from LoS(NLOS) UAVs

σ2
i Noise power spectral density

Lemma 1 The association probability that a typical user connects with the ith tier
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based on maximum biased received power is given as

δi = Exi[P[Pr,i > max
n,n6=i

Pr,n]]

= Exi[
4

∏
n=1,n6=i

[P[Pr,i > Pr,n]]

(a)
= Exi

[
4

∏
n=1,n6=i

[P[xn >

(
P̃nGnxβi

i

P̃iGi

)1/βn

]]

]

=
∫

∞

0

[
4

∏
n=1,n6=i

[P[xn >

(
P̃nGnxβi

i

P̃iGi

)1/βn

]]︸ ︷︷ ︸
κ

]
fXi (x) dx,

(5.17)

where (a) is based on downlink user association. The detailed derivation of

Lemma 1 is given in Appendix A.

From Lemma 1, we can infer that the typical association of a user to a partic-

ular tier depends upon the distance between the user and the BS, transmit power,

path loss exponent, and antenna gains of that tier. The user will associate to the BS

that provides the maximum biased received power and the association probability

to a particular tier can be increased by increasing the transmit power or the bias

of that particular tier. This biasness helps in offloading the users to tiers with high

available bandwidth.

Now that the user association probability with a particular tier is known, we

now revert our attention to finding the coverage probability of a user with that

particular tier. Please refer to the following lemma.

Lemma 2 The SINR coverage probability at the user connecting with MBS is

given by
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P1
c (Γ1) =

∫
∞

0
P1

c (Γ1,x) fX1 (x) dx, (5.18)

where P1
c (Γ1,x) denotes the conditional coverage probability for a typical user

and the serving MBS for a distance x and fX1 (x) is the PDF of the distance be-

tween the typical user and MBS and is given as

fX1 (x) =
2πλ1

δ1
xexp

(
−πλ1x2−2πλ2ϒ(x)

−2πλ3T (x)−2πλ4U (x)

)
,

(5.19)

where δ1 is the user association probability with tier 1 and is given as,

δ1 = 2πλ1

∫
∞

0
xexp

(
−πλ1x2−2πλ2ϒ(x)−2πλ3T (x)

−2πλ4U (x)

)
dx,

(5.20)

The conditional coverage probability P1
c (Γ1,x), is given as,

P1
c (Γ1,x) = exp

(
−Γ1xβ1σ2

1

P̃1

)
EI1

[
LI1

(
Γ1xβ1

P̃1

)]
, (5.21)

Proof: See Appendix B.

Lemma 3 The SINR coverage probability of a user connecting with MSC tier is
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given as,

P2
c (Γ2) = ∑

v∈{L,N}
δ2,vP2,v

c (Γ2) , (5.22)

where P2,L
c (Γ2) and P2,N

c (Γ2) are the conditional coverage probabilities that a

user is connected with MSC in φL and φN , respectively. P2,v
c (Γ2) can be computed

as,

P2,v
c (Γ2) =

Ωw

∑
i=1

(−1)i+1
(

Ωw

i

)∫
∞

0
exp

(
−iρwxβvΓ2σ2

2
Gmm

r Gmm
t

−Ev,i (Γ2,x)−Hv,i (Γ2,r)

)
fv (x) ,dx,

(5.23)

where Ev,i (Γ2,x) and Hv,i (Γ2,r) accounts for the interference terms from LoS(NLoS)

mmWave small cells and UAVs, ρw = Ωw (Ωw!)−1/Ωw ,w ∈ {lm,nm}, F (Ωw,x) =

1− 1

(1+ x)Ωw
and âi =

ai

Gmm
r Gmm

t
.

EL,i (Γ2,x) = 2πλ2

4

∑
i=1

pi

[∫
∞

x
F

(
Ωlm,

iρlm âiΓ2xβL

ΩlmtβL

)

tPLoS (t) dt +
∫

∞

ΞL(x)
F

(
Ωnm ,

iρlm âiΓ2xβL

ΩnmtβN

)

t (1−PLoS (t)) dt

]
,

(5.24)
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EN,i (Γ2,x) = 2πλ2

4

∑
i=1

pi

[∫
∞

ΞN(x)
F

(
Ωlm,

iρnm âiΓ2xβN

ΩlmtβL

)

tPLoS (t) dt +
∫

∞

x
F

(
Ωnm,

iρnm âiΓ2xβN

ΩnmtβN

)

t (1−PLoS (t)) dt

]
,

(5.25)

HL,i (Γ2,r) = 2παλ4

4

∑
i=1

pi

[∫
∞

r
F

(
Ωlm,

iρl,mâiΓ2xβL

ΩlmtβL

)

tPLoS (t) dt +
∫

∞

ξL(r)
F

(
Ωnm,

iρl,mâiΓ2xβL

ΩnmtβN

)

t (1−PLoS (t)) dt

]
,

(5.26)

HN,i (Γ2,r) = 2παλ4

4

∑
i=1

pi

[∫
∞

ξN(r)
F

(
Ωlm ,

iρnm âiΓ2xβN

ΩlmtβL

)

tPLoS (t) dt +
∫

∞

r
F

(
Ωnm,

iρnm âiΓ2xβN

ΩnmtβN

)

t (1−PLoS (t)) dt

]
,

(5.27)

Proof: See Appendix C.

Lemma 4 The SINR coverage probability of a user connecting with T SC tier is
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given as,

P3
c (Γ3) = ∑

v∈{L,N}
δ3,vP3,v

c (Γ3) , (5.28)

The conditional probability P3,v
c (Γ3) can be derived as

P3,v
c (Γ3) =

Ωw

∑
i=1

(−1)i+1
(

Ωw

i

)∫
∞

0
exp

(
−iρwxβvΓ3σ2

3

P̃3exp(−k ( fc,3)x)GT
r GT

t

−Sv,i (Γ3,x)

)
fX3 (x) dx,

(5.29)

where fX3 (x) is the PDF of the distance between the typical user and T SC tier.

Sv,i (Γ3,x) in (5.29) accounts for interference terms in T SC tier and can be com-

puted using similar steps followed in Appendix C.

Proof: Proof follows similar steps introduced in Appendix C.

Lemma 5 The SINR coverage probability of a user connecting with UAV tier is

given as,

P4
c (Γ4) = ∑

v∈{L,N}
δ4,vP4,v

c (Γ4) , (5.30)

where P4,L
c (Γ4) and P4,N

c (Γ4) are the conditional coverage probabilities that a

user is connected with UAV tier in φL and φN , respectively. P4,v
c (Γ4) can be com-
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puted as

P4,v
c (Γ4) =

Ωw

∑
i=1

(−1)i+1
(

Ωw

i

)∫
∞

ht

exp

(
−iρwrβvΓ4σ2

4
Guav

r Guav
t

−Hv,i (Γ4,r)−Ev,i (Γ4,x)

)
fv (r) dr,

(5.31)

where fv (r) is the PDF of the distance between a user and UAV tier, ρw =Ωw (Ωw!)−1/Ωw ,w∈

{lm,nm}, Hv,i (Γ4,r) and Ev,i (Γ4,r) accounts for the interference terms from LoS(NLoS)

mmWave UAVs and mmWave small cells, where

HL,i (Γ4,r) = 2παλ4

4

∑
i=1

pi

[∫
∞

r
F

(
Ωlm,

iρlm âiΓ4rβL

ΩlmtβL

)

tPLoS (t) dt +
∫

∞

ξL(r)
F

(
Ωnm,

iρlm âiΓ4rβL

ΩnmtβN

)

t (1−PLoS (t)) dt

]
,

(5.32)

HN,i (Γ4,r) = 2παλ4

4

∑
i=1

pi

[∫
∞

ξN(r)
F

(
Ωlm,

iρnm âiΓ4rβN

ΩlmtβL

)

tPLoS (t) dt +
∫

∞

r
F

(
Ωnm,

iρnm âiΓ4rβN

ΩnmtβN

)

t (1−PLoS (t)) dt

]
,

(5.33)
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EL,i (Γ4,x) = 2πλ2

4

∑
i=1

pi

[∫
∞

x
F

(
Ωlm,

iρlm âiΓ4xβL

ΩlmtβL

)

tPLoS (t) dt +
∫

∞

ΞL(x)
F

(
Ωnm ,

iρlm âiΓ4xβL

ΩnmtβN

)

t (1−PLoS (t)) dt

]
,

(5.34)

EN,i (Γ4,x) = 2πλ2

4

∑
i=1

pi

[∫
∞

ΞN(x)
F

(
Ωlm,

iρnm âiΓ4xβN

ΩlmtβL

)

tPLoS (t) dt +
∫

∞

x
F

(
Ωnm,

iρnm âiΓ4xβN

ΩnmtβN

)

t (1−PLoS (t)) dt

]
,

(5.35)

Proof: See Appendix D for the proof.

Special Case: By setting Ωlm = Ωnm = ρlm = ρnm = 1, and taking the den-

sity for LoS sub-6 GHz UAVs as (1−α)× λ4×PLoS (x) and for NLoS sub-6

GHz UAVs as (1−α)×λ4× (1−PLoS (x)), Eq. (5.31) can be transformed into

conditional coverage probability for sub-6 GHz UAVs. The conditional coverage

probability for sub-6 GHz UAVs is then given as,

P4,v
c (Γ4) =

∫
∞

ht

exp

(
−irβvΓ4σ2

4
Guav

r Guav
t
−Hv,i (Γ4,r)

)
fv (r) dr, (5.36)

where Hv,i (Γ4,r) is the interference from the LoS and NLoS sub-6 GHz UAVs.

From the above-mentioned lemmas, we can see that the SINR coverage probabil-

ity of a user connecting to a particular tier depends upon the SINR threshold. As
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we increase the threshold value, SINR coverage probability tends to decrease as

fewer number of users remain in the coverage.

Proposition 1 The total coverage probability, Pc,T , for the multi-tier hybrid net-

work is defined as

Pc,T =
4

∑
i=1

Pi
cδi, (5.37)

where δi represents the user association probability for tier i and Pi
c denotes the

coverage probability for tier i.

Lemma 6 The achievable ergodic rate for a user connecting with ith tier is given

as,

Ri =
1

ln2

∫
∞

0

Pi
c (Γi)

1+Γi
dΓi, (5.38)

where Pi
c is the coverage probability of tier i and Γi is the SINR threshold of tier i.

Proof: See Appendix E.

From Lemma 6, rate coverage probability can be defined for a given threshold,

τ , as

Prate,i (τ) = P(Ri > τ) , (5.39)

where τ is the rate coverage probability threshold and is assumed to be same for

all tiers.

From Lemma 6, we can see that rate coverage probability depends upon the

rate threshold. A higher threshold value implies that fewer of users will satisfy
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the higher data rate requirements. The higher data rate requirements can be met if

the users are connected to mmWave or THz frequency tiers because of the higher

available bandwidth.

Proposition 2 The total rate coverage probability, Prate, for the HetNet is defined

as

Prate (τ) =
4

∑
i=1

Prate,iδi, (5.40)

where δi is the association probability of tier i and Prate,i is the rate coverage

probability of the tier i.

5.3 Performance Evaluation and Discussion

In this section, we present the simulation results for the proposed hybrid HetNet.

In our simulation setup, we assume the MBS density to be λ1 =
3

5002×π
. The

downlink transmission powers are assumed to be 40 Watts for MBS and 1 Watt for

other tiers. The transmission frequency fc,1 is set to be 2.4 GHz, fc,3 is taken as 1

THz, fc,2 and fc,4 are taken as 28 GHz. Furthermore, Table 5.2 lists the detailed

parameters used for simulation setup. The results are averaged over 105 Monte

Carlo iterations.

5.3.1 User Association Probability for different TSC densities

Fig. 5.2 depicts the probability of user association to each tier versus different

TSC densities. It can be seen in Fig. 5.2, that if we increase the TSC density, user

association probability increases as more users start to associate with the TSC.
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Table 5.2: Simulation Parameters

Parameter Value Parameter Value
fc,2, fc,4 28 GHz BMSC,BUAV 100 MHz

fc,1 2.4 GHz BMBS,BT SC 20 MHz, 1 GHz
fc,3 1 THz fc(sub-6 GHz UAV s) 2.6 GHz
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Figure 5.2: Association probability vs. varying λ3 with λ1 = 4× 10−6 BS/m2,
λ2 = 3×λ1, BS/m2, λ4 = 3×λ1 BS/m2 and ψ1 = ψ2 = 0 dB,ψ3 = ψ4 = 5 dB.

In Fig. 5.2 by increasing the ratio of densities from 5 to 25, the user association

probability with THz cells increase by 32% from 0.2 to 0.52. This offloading of



CHAPTER 5. COVERAGE ANALYSIS OF HETEROGENEOUS NETWORK74

users from other tiers to TSC, results in a decrease in the association probabilities

of other tiers. For the same increase in density ratio, 18% of users are offloaded

from mmWave tier. So there is a tradeoff between having better SINR coverage at

lower frequencies than having a better rate coverage at higher frequencies. This

increased association to TSC helps to fulfill the user’ demand of very high data

rates. It can also be seen in Fig. 5.2 that analytical results are in compliance with

the simulation results.

5.3.2 User Association Probabilities for different bias values

for UAV tier

Fig. 5.3 demonstrates the user association probabilities versus the ratio of bias

values for UAV tier w.r.t. TSC tier. This biasness is necessary in order to overcome

the high propagation losses encountered by UAVs at mmWave frequencies and

also assists in offloading the users from the sub-6 GHz BSs to mmWave UAVs.

In Fig. 5.3, the ψ3 is fixed to be 5 dB. We can see an increasing trend in the user

association probability with UAV tier for an increased ψ4 w.r.t. ψ3. For example,

if we increase the ratio from 0 dB to 30 dB, there is an increase of about 35%

in user association with the UAV. This increased association of users with UAV

results in a lower association of users with other tiers. For the same increase in

the ratio, we can see a decline in user association with MSC, MBS, and TSC by

20%, 11%, and 5%, respectively.
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Figure 5.3: User association probability vs. varying ψ4 with λ1 = 4 ×
10−6 BS/m2, λ2 = 3×λ1 BS/m2, λ3 = 2×λ2 BS/m2, λ4 = 3×λ1 BS/m2, ψ3 = 5
dB, ψ1 = ψ2 = 0 dB.

5.3.3 SINR coverage probability for various bias values for UAV

tier

Fig. 5.4 depicts the SINR coverage probability of HetNet versus the ratio of bias

values for UAV tier w.r.t. TSC tier for various SINR threshold values. It can be

seen in Fig. 5.4 that with an increase in biasness, more users start to associate with

mmWave UAVs. This results in a decrease in the SINR coverage probability of

HetNet because of the high propagation losses experienced by users at mmWave

frequencies. In Fig. 5.4, it can be seen that for an increase of ratio from 0 dB to

30 dB for an SINR threshold of -10 dB, the number of users in coverage reduces
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Figure 5.4: SINR coverage probability vs. varying ψ4 with λ1 = 4×10−6 BS/m2,
λ2 = 10×λ1 BS/m2, λ3 = 3×λ2 BS/m2, λ4 = 10×λ1 BS/m2, ψ1 = ψ2 = 0 dB,
ψ3 = 30 dB and Γ1 = Γ2 = Γ3 = Γ4 = Γ = 0 dB.

by 34% from 0.92 to 0.58. This figure also shows the impact of various SINR

thresholds on the coverage probability of HetNet. In Fig. 5.4, we can see that

by increasing the SINR threshold from -10 dB to 15 dB, the number of users in

coverage reduces from 85% to 15% for a biased ratio of 10 dB.

5.3.4 UAV association probability and SINR coverage proba-

bility of HetNet versus transmit power of UAVs

Fig. 5.5 depicts the UAV association probability and SINR coverage probability

of HetNet versus transmit power of UAVs. It can be seen in Fig. 5.5 that when the



CHAPTER 5. COVERAGE ANALYSIS OF HETEROGENEOUS NETWORK77

1 2 3 4 5 6 7 8 9 10
0.2

0.3

0.4

0.5

0.6

0.7

UAV transmission power, P
4
  (Watts)

U
A

V
 A

s
s
o
c
ia

ti
o
n
 P

ro
b
a
b
ili

ty

 

 

1 2 3 4 5 6 7 8 9 10
0.4

0.5

0.6

0.7

0.8

P
c
,T

(Γ
)

UAV Association Probability

SINR Coverage Probability

Figure 5.5: Impact of UAV transmit power on user association with UAVs and
SINR coverage probability with λ1 = 4×10−6 BS/m2, λ2 = 10×λ1 BS/m2, λ3 =
3×λ2 BS/m2, λ4 = 10×λ1 BS/m2, ψ1 = ψ2 = 0 dB, ψ3 = 30 dB, ψ4 = 10 dB
and Γ1 = Γ2 = Γ3 = Γ4 = Γ = 0 dB.

transmit power is increased from 1 Watt to 10 Watts more user starts to associate

with UAVs. As UAVs are operating on mmWave frequencies, any user associated

with UAV will face high propagation losses as opposed to the users associated with

sub-6 GHz frequency band. This increased association of users with mmWave

UAVs results in a decreased SINR coverage probability of HetNet. If we increase

the transmit power of UAVs from 1 Watt to 10 Watts, we can a see 13% decline in

the number of users in SINR coverage. In Fig. 5.5 we also have seen an increase

in user association with an increase in transmit power. This increase means more

users will now experience high data rates available at mmWave frequencies.
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5.3.5 Variation in rate coverage probability versus different

rate threshold values for different TSC densities

Fig. 5.6 shows the variation in rate coverage probability versus different rate

threshold values τ for different densities of THz cells. The values of τ have been

taken from 1 Mbps to 1 Gbps. It is shown that if we increase the rate thresholds

lesser number of users remains in the coverage. In Fig. 5.6 we can see that for the

same density of MSC BSs and TSC BSs, around 75% of the users are getting data

rates around 100 Mbps and 12% of the users receive data rates up to 1 Gbps. Fig.

5.6 also depicts the effects of increasing the TSC density on the achievable data
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Figure 5.6: Rate coverage probability vs. rate thresholds τ for different τ with
λ1 = 4×10−6 BS/m2, λ2 = 2×λ1 BS/m2, λ4 = 2×λ1 BS/m2, ψ1 = ψ2 = 0 dB,
ψ3 = 20 dB, ψ4 = 20 dB .
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rates. An increase in TSC density means more users are now associated with THz

small cells which result in higher achievable data rates. In Fig. 5.6, it is shown

that if we increase the TSC density from 1 to 10, 90% of the users are getting the

data rates up to 100 Mbps.

5.3.6 Rate Coverage Probability for different thresholds for

various THz bandwidths

Fig. 5.7 depicts the variations in rate coverage probability curves versus rate

thresholds for various TSC bandwidth settings. The density of the THz BSs is

assumed to be fixed. From Fig. 5.7 we can see a similar decline in rate coverage

probability as we observed in Fig. 5.6. As we increase the rate threshold, fewer

users are able to satisfy higher threshold values which result in decreased cover-

age probability. In Fig. 5.7, it is shown that if we increase the threshold from

200 Mbps to 800 Mbps for 0.5 GHz TSC bandwidth, the rate coverage probability

decreases by 38%. Fig. 5.7 also depicts the effect of an increased bandwidth on

coverage probability at THz frequencies. In Fig. 5.7 we can see that for a fixed

TSC density if we increase the bandwidth from 0.5 GHz to 1 GHz more users start

to experience higher data rates. For a rate threshold of 600 Mbps, if we increase

the bandwidth of TSC from 0.5 GHz to 1 GHz, 4% more users will come into

coverage. An increase in bandwidth allows more users to experience high data

rates as the capacity increases with an increase in available bandwidth.
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5.3.7 SINR coverage probability versus proportion of sub-6 GHz

UAVs to mmWave-enabled UAVs in the HetNet for vari-

ous SINR threshold values

Fig. 5.8 depicts the SINR coverage probability versus proportion of sub-6 GHz

UAVs to mmWave-enabled UAVs in the HetNet for various SINR threshold val-

ues. In Fig. 5.8, (1−α) represents the proportion of UAVs operating on sub-6

GHz frequency in the HetNet. Sub-6 GHz UAVs are assumed to operate at 2.6

GHz frequency. It is also assumed that the sub-6 GHz UAVs use directional an-

tennas with an antenna gain of 10 dB. From Fig. 5.8 we can see that if we increase
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Figure 5.8: Impact of proportion of sub-6GHz UAVs to mmWave-enabled UAVs,
(1−α) on SINR coverage probability with λ1 = 4× 10−6 BS/m2, λ2 = 10×
λ1 BS/m2, λ3 = 1×λ2 BS/m2, λ4 = 10×λ1 BS/m2, ψ1 = ψ2 = 0 dB, ψ3 = 20
dB, ψ4 = 10 dB.

the proportion of sub-6 GHz UAVs by 0% to 100% by varying the value of tuning

parameter 1−α from 0 (all mmWave UAVs) to 1 (all sub-6 GHz UAVs), there

is an increase in the SINR coverage probability. This increase is due to fact that

there are fewer propagation losses at sub-6 GHz frequencies than the mmWave

frequencies. In Fig. 5.8, for an the SINR threshold of 10 dB, an increase of 16%

in SINR coverage probability is observed when sub-6 GHz UAVs are increased

from 0% to 100% in the HetNet. Fig. 5.8 also shows the effect of increasing

SINR threshold from -10 dB to 10 dB on SINR coverage probability. It can be

seen from Fig. 5.8 that an increase in the SINR threshold results in fewer users



CHAPTER 5. COVERAGE ANALYSIS OF HETEROGENEOUS NETWORK82

being in coverage. For example, if we have 60% sub-6 GHz UAVs in the HetNet,

90% of users are in coverage for an SINR threshold of 0 dB. If we increase the

SINR threshold for the same proportion of sub-6 GHz UAVs, there is a decrease

of about 40% users in coverage.

5.3.8 User association probability versus proportion of sub-6

GHz UAVs to mmWave-enabled UAVs

Fig. 5.9 shows the effect of user association probability versus proportion of sub-

6 GHz UAVs to mmWave-enabled UAVs in the HetNet. From Fig. 5.9, it is

observed that for an increase in sub-6 GHz UAVs in the HetNet, there is an in-

crease in the user association with sub-6 GHz UAVs. If we increase sub-6 GHz

UAVs in the HetNet from 0% to 50%, we can see that 10% more users are now

associated with sub-6 GHz UAVs. As we increase the proportion of sub-6 GHz

UAVs in HetNet, users associated with mmWave UAVs start to decrease. It can

be concluded from Fig. 5.8 and Fig. 5.9 that an increase in the number of sub-6

GHz UAVs in the HetNet results in more users connecting with sub-6 GHz UAVs

and a better SINR coverage for users associated with sub-6 GHz UAVs than users

connected with mmWave UAVs.
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UAVs, (1−α) on Association probability with λ1 = 4× 10−6 BS/m2, λ2 =
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5.3.9 Rate coverage probability versus proportion of sub-6 GHz

UAVs to mmWave-enabled UAVs for different data rate

thresholds

The trend of rate coverage probability versus proportion of sub-6 GHz UAVs to

mmWave-enabled UAVs for different data rate thresholds is shown in Fig. 5.10.

It can be observed from Fig. 5.10, that an increase in the sub-6 GHz UAVs in

the HetNet results in a lesser rate coverage probability. This decrease is due to

the availability of lesser bandwidth at sub-6 GHz UAVs. For a rate threshold of
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mmWave-enabled UAVs, 1−α with λ1 = 4×10−6 BS/m2, λ2 = 10×λ1 BS/m2,
λ3 = 1×λ2 BS/m2, λ4 = 10×λ1 BS/m2, ψ1 = ψ2 = 0 dB, ψ3 = 20 dB, ψ4 = 10
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300 Mbps, we can see a decline of around 5% in rate coverage probability for an

increase in the proportion of sub-6 GHz UAVs in the HetNet by 80% by adjusting

the tuning paramter, 1−α , from 0.1 to 0.9. Fig. 5.10 also depicts the effect

of various rate thresholds on rate coverage probability. By increasing the rate

thresholds from 200 Mbps to 500 Mbps, we can see the number of users attaining

higher data rates decreases significantly. For an equal number of sub-6 GHz and

mmWave UAVs in the HetNet (1−α = 0.5), the rate coverage probability drops

by around 34% if we increase the rate threshold τ from 200 Mbps to 500 Mbps.

It can be concluded that an increase in sub-6 GHz UAVs in the HetNet results in
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a better SINR coverage probability on the expense of lower achievable data rates

while mmWave UAVs provide better rate coverage probability on the expense of

lower SINR coverage probability.

5.4 Conclusions

In this chapter, a multi-tier HetNet is considered comprising of sub-6 GHz, mmWave

and THz-enabled terrestrial BSs and mmWave frequencies enabled UAVs. An an-

alytical model is derived for its coverage analysis. Extensive Monte Carlo Simula-

tions has been performed to highlight the impacts of biasness, transmit power, dif-

ferent base station densities and available bandwidths on user association, SINR

and rate coverage probabilities. It has been observed that increasing the biasness

of different tiers and increasing the mmWave and THz-enabled cell densities result

in high data rates availability for the users. A lower SINR coverage probability

has been observed while offloading the users from sub-6 GHz to mmWave and

THz frequencies. This is due to high propagation losses at high frequencies. On

the other hand, the availability of high bandwidths at the mmWave and THz fre-

quencies significantly improve high data rate transmission and provide high data

rates to users.

From the results in this chapter, we have seen that if we increase the density

of THz SBSs in the HetNet, we observed an increase in the user association prob-

ability with THz SBSs and decrease in association probabilities with other tiers

of the HetNet. It has also been depicted that if we increase the bias value of the

mmWave UAV tier, more number of users offload from other tiers to UAV tier.

In this case, SINR coverage probability of the HetNet also decreases because of
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the high propagation losses experienced by users at mmWave frequencies. In-

creasing the transmit power of UAVs also results in an increase in the association

of users with UAV tier. It has also been seen that increasing the density of THz

SBSs results in a better rate coverage probability of the HetNet because of high

available bandwidth at THz frequencies. Rate coverage probability at different

thresholds have also been depicted. It has been observed that an increase in the

rate threshold results in a decline in the rate coverage probability as fewer users

are able to satisfy higher threshold values. The effect of increasing THz band-

widths has been also observed. It has been shown that an increased bandwidth

results in a higher rate coverage probability for the users. A special case has also

been discussed in the results in which the effect of proportion of sub-6 GHz UAVs

to mmWave-enabled UAVs has been seen on the association, SINR and rate cover-

age probabilities. It has been observed by increasing the proportion of sub-6 GHz

from 0% (all mmWave UAVs) to 100% (all sub-6 GHz UAVs), association proba-

bility of sub-6 GHz UAVs increases which results in an improved SINR coverage

probability because of less propagation losses at sub-6 GHz frequencies. Rate

coverage probability of the HetNet decreases in this case due to less bandwidth

available at sub-6 GHz frequencies.



Chapter 6

Conclusion and Future Directions

6.1 Conclusion

A fusion of various technologies in HetNets is indispensable to meet the QoS re-

quirements of high data rate applications. To meet such a requirement, the band-

width is considered as a challenging factor. Although, the sub-6 GHz-based net-

work coverage is currently being used for initial 5G stages to provide high data

rates to the users, it is perceived that with an ever-growing number of wireless

users, the sub-6 GHz bandwidth will not be sufficient. Standalone THz-enabled

networks are considered as one of the key solutions due to the availability of huge

bandwidth, yet the high propagation losses at THz frequencies will limit the net-

work coverage.

In this research, we considered a multi-tier HetNet composed of mmWave

and THz-enabled aerial and terrestrial BSs and derived an analytical model for its

coverage analysis. A tractable approach was developed to derive the SINR cov-

erage probability for each tier using stochastic geometry tools. The results high-
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lighted the impacts of different base station densities, biasness, transmit powers,

and available bandwidths on user association, SINR, and rate coverage probabili-

ties. We have shown that increasing the mmWave and THz-enabled cell densities

and increasing the bias factors of these tiers result in meeting the QoS require-

ments of high data rates for the users. It has also been found that offloading the

users from sub-6 GHz to mmWave and THz frequencies will result in a lower

SINR coverage probability due to high propagation losses at high frequencies but

the high available bandwidths at these frequencies significantly counter this loss

by providing very high data rates to users.

In this research, we have also proposed a HetNet consisting of MBS and UAVs

operating at sub-6 GHz frequency bands and small cells operating at THz frequen-

cies with wireless backhaul capabilities. The effect on coverage and rate proba-

bilities have been observed for different parameters such as different THz BS

densities, different bandwidth proportion in Access and Backhaul links and dif-

ferent bias values. It has been observed that sub-6 GHz BSs provide better SINR

coverage, whereas, THz cells accommodate users having high data rate demands.

Simulation results show that the users connected to THz cells get a significant

improvement in data rates as compared to users associated with sub-6 GHz tier.

6.2 Future Directions

In the future, the study can be extended to optimize different network parame-

ters, i.e., number of BSs, UAV heights and transmit powers to meet various QoS

requirements. Moreover, we can exploit the effect of beamforming, particularly

in THz tier, to study rate and coverage performance in the HetNet. UAVs face
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challenges with respect to their flight time and energy consumption. This work

can be extended to study the effects of flight time and energy consumption on the

coverage and rate performance in a HetNet. Similarly, massive MIMO can also

be incorporated at the MBS and the effects of increased antenna density on cov-

erage and rate performance can be analyzed. Physical layer security can also be

incorporated to see its effect on the legitimate user SINR and rate coverage prob-

abilities. The effect of having IoTs and D2D devices in the HetNet on coverage

probabilities can also be investigated in the future. Resource allocation can also

be incorporated in the HetNet to analyze its effect on coverage probabilities.
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Appendix A

DERIVATION OF LEMMA 1

The 2-D PPP null probability can be used to evaluate the probability P

[
Rn >(

P̃nGnxβi
i

P̃iGi

)1/βn ]
.

κ in (5.17) can be evaluated as follows,

κ =
4

∏
n=1,n6=i

P[No BS closer than

(
P̃nGnxβi

P̃iGi

)1/βn

in nth tier]

= exp

−πλ1

(
P̃1xβi

P̃i

)2/β1
+ exp{−2πλ2ϒ(x)}

+ exp{−2πλ3T (x)}+ exp{−2πλ4U (x)},

fXi (x) = 2πλixexp{−πλix2},

(A.1)

For the MSC tier, the association of a typical user is based on link length as the

transmit power is assumed to be same for all links in the mmWave tier.
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For MSC we assume that the tiers of LoS and NLoS BSs are independent, so

Sx = P[Pr,i > Pr,2]

= P[Pr,i > P̃2Gx−βL ]P[Pr,i > P̃2Gx−βN ]

= P

[
x >

(
P̃2G

P̃i

) 1
βL

x
βi
βL

]
P

[
x >

(
P̃2G

P̃i

) 1
βN

x
βi
βN

]

(a)
= e

−2πλ2

(∫
ΞN(x)

0
tPLoS (t) dt +

∫
ΞL(x)

0
t (1−PLoS (t))

)
︸ ︷︷ ︸

ϒ(x)

dt

,

(A.2)

where ΞN (x) =

(
P̃2G

P̃i

) 1
βL

x
βi
βL and ΞL (x) =

(
P̃2G

P̃i

) 1
βN

x
βi
βN

and (a) is derived from the null probability and PLoS(t) is the function of the LoS

probability.

For the UAV mmWave tier,

Wr = P[Pr,i > Pr,4]

= P[Pr,i > P̃4Gr−βL ]P[Pr,i > P̃4Gr−βN ]

= P

[
r >

(
P̃4G

P̃i

) 1
βL

x
βi
βL

]
P

[
r >

(
P̃4G

P̃i

) 1
βN

x
βi
βN

]

= e

−2παλ4

(∫
ξN(r)

0
tPLoS (t) dt +

∫
ξL(r)

0
t (1−PLoS (t))

)
︸ ︷︷ ︸

U(x)

dt

,

(A.3)

where ξN (r) =

(
P̃4G

P̃i

) 1
βL

x
βi
βL and ξL (r) =

(
P̃4G

P̃i

) 1
βN

x
βi
βN

where r =
√

x2 +h2
t and PLoS(t) is the LoS probability function.
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The probability that a user associates with THz BS can be evaluated as follows

Yx = P[Pr,i > Pr,3]

= P[Pr,i > P̃3exp(−k ( fc,3)x)x−βL ]

P[Pr,i > P̃3exp(−k ( fc,3)x)x−βN ]

= P

[
x >

(
P̃3exp(−k ( fc,3)x)

P̃i

) 1
β3

x
βi
β3

]

P

[
x >

(
P̃3exp(−k ( fc,3)x)

P̃i

) 1
βN

x
βi
βN

]

= e

−2πλ3

(∫
∆N(x)

0
tPLoS (t) dt +

∫
∆L(x)

0
t (1−PLoS (t))

)
︸ ︷︷ ︸

T (x)

dt

,

(A.4)

where ∆N (x) =

(
P̃3exp(−k ( fc,3)x)G

P̃i

) 1
βL

x
βi
βL and

∆L (x) =

(
P̃3exp(−k ( fc,3)x)G

P̃i

) 1
βN

x
βi
βN

where PLoS(t) is the LoS probability function.
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DERIVATION OF LEMMA 2

The conditional coverage probability, P1
c (Γ1,x), can be evaluated as,

P1
C (Γ1,x) = Pr

(
P̃1hMx−β1

σ2
1 + I1

> Γ1

)

= Pr

(
hM >

Γ1xβ1
(
σ2

1 + I1
)

P̃1

)
(a)
= exp

(
−Γ1xβ1σ2

1

P̃1

)
EI1

[
exp

(
−Γ1xβ1I1

P̃1

)]

= exp

(
−Γ1xβ1σ2

1

P̃1

)
EI1

[
LI1

(
Γ1xβ1

P̃1

)]
,

(B.1)

where (a) follows from the exponential distribution of hM. By substituting P1
c (Γ1,x)

and fX1 (x) into (5.18), we can compute the SINR coverage probability.
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The conditional coverage probability that a user is associated with BS in φv where

v ∈ {L,N}, can be found as

P2,v
c = δ2,v

∫
∞

0
P

[
P̃2Gmm

r Gmm
t ho,mmx−βv

σ2 + IL + IN + ILU + INU

> Γ2

]
fv (x) dx, (C.1)

where IL and IN are the LoS and NLoS interferences from MSCs and ILU and

INU are the LoS and NLoS interferences from UAVs. The LoS and NLoS link

probabilities of the user are given as,

δ2,L = 2πλ2

∫
∞

0
xPLoS (x)exp

(
−2πλ2Z (x)−A(x)−B(x)

−C (x)
)

dx,
(C.2)

where

Z (x) =
∫ x

0
tPLoS (t) dt +

∫ xβL/βN

0
t (1−PLoS (t)) dt, (C.3)
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A(x) = πλ1

(
P̃1xβL

P̃2

)2/β1

, (C.4)

B(x) = 2πλ3T (x) , (C.5)

C (x) = 2παλ4U (x) , (C.6)

and

δ2,N = 2πλ2

∫
∞

0
xPLoS (x)exp

(
−2πλ2ZN (x)−AN (x)−BN (x)

−CN (x)
)

dx,
(C.7)

where

ZN (x) =
∫ x

0
t (1−PLoS (t)) dt +

∫ xβN/βL

0
tPLoS (t) dt, (C.8)

AN (x) = πλ1

(
P̃1xβN

P̃2

)2/β1

, (C.9)

BN (x) = 2πλ3T (x) , (C.10)

CN (x) = 2παλ4U (x) , (C.11)

The PDF of the distance to the LoS BS, given that user is associated with LoS
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small cell BS is given by,

f∧L (x) =
(

2πλ2xPLoS (x)exp
(
−2πλ2

∫ x

0
(PLoS (t)) t dt

)
exp
(
−2πλ2

∫
ΞL(x)

0
(1−PLoS (t)) t dt

))
/δ2,L,

(C.12)

where PLoS (x) represents the LoS probability function. Similarly for the NLoS

BS,

f∧N (x) =
(

2πλ2x(1−PLoS (x))exp
(
−2πλ2

∫ x

0
(1−PLoS (t)) t dt

exp
(
−2πλ2

∫
ΞN(x)

0
(PLoS (t)) t dt

))
/δ2,N ,

(C.13)

where ΞL (x) and ΞN (x) are given in Appendix A. Now IL = P̃2 ∑i∈φ∧mm,L
GV hi,mmx−βL

and IN = P̃2 ∑i∈φ∧mm,N
GV hi,mmx−βN are the interference from LoS and NLoS BSs,

respectively and ILU = P̃4 ∑i∈φ∧u,L
Gehi,ur−βL and INU = P̃4 ∑i∈φ∧u,N

Gehi,ur−βN are

the interference from LoS and NLoS UAVs. We assumed Nakagami fading, there-
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fore ho,m is a normalized gamma random variable with parameters Ωw.

P2,v
c =

P[P̃2Gmm
r Gmm

t ho,mmx−βv > Γ2
(
σ

2
2 + IL + IN + ILU + INU

)
],

= P

[
ho,mm >

xβvΓ2
(
σ2

2 + IL + IN + ILU + INU
)

P̃2Gmm
r Gmm

t

]
,

(a)
= 1−

E

[(
1− exp

(
−ρwxβvΓ2

(
σ2

2 + IL + IN + ILU + INU
)

P̃2Gmm
r Gmm

t

))Ωw
]
,

(b)
=

Ωw

∑
i=1

(−1)i+1
(

Ωw

i

)
E

[
exp

(
−iρwxβvΓ2

(
σ2

2 + IL + IN + ILU + INU
)

P̃2Gmm
r Gmm

t

)]
,

(c)
=

Ωw

∑
i=1

(−1)i+1
(

Ωw

i

)
e

−iρwxβvΓ2σ2
2

P̃2Gmm
r Gmm

t

EIL

[
exp

(
−iρwxβvΓ2IL

P̃2Gmm
r Gmm

t

)]
EIN

[
exp

(
−iρwxβvΓ2IN

P̃2Gmm
r Gmm

t

)]

EILU

[
exp

(
−iρwxβvΓ2ILU

P̃4Gmm
r Gmm

t

)]
EINU

[
exp

(
−iρwxβvΓ2INU

P̃4Gmm
r Gmm

t

)]
,

(C.14)

where (a) follows from [29] and ρw = Ωw (Ωw!)−1/Ωw ,w ∈ {lm,nm}, (b) is derived

using binomial expansion and (c) is obtained using the independence of φL and
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φN PPPs. Now EIL is given as,

EIL

[
exp

(
−iρwxβvΓ2IL

P̃2Gmm
r Gmm

t

)]
=

EIL

[
exp

(
−iρwxβLΓ2 ∑i∈φ∧m,L

GV hi,mmx−βL

Gmm
r Gmm

t

)]
,

(d)
= exp

(
−2πλ2

4

∑
i=1

pi

∫
∞

x

(
1−Eg[e−iρlm xβL Γ2gâit−βL

]
)

(PLoS (t)) t dt
)
,

(e)
=

4

∏
i=1

exp
(
−2πλ2 pi

∫
∞

x

1− 1(
iρlmxβLΓ2Ω

−1
lm âit−βL

)Ωlm


(PLoS (t)) t dt

)
,

(C.15)

where Laplace transform of φL gives us C.15(d). In C.15(d), Ωlm is the pa-

rameter of a normalized gamma random variable representing channel gain g, âi

represents the gain ai which is normalized by Gmm
r Gmm

t , where (5.7) contains the

parameters ai and pi. C.15(e) is found by computing the moment generating func-

tional of g. EIN can be found in a similar way as EIL . Final expression for EIN is

given as,

EIN

[
exp

(
−iρwxβvΓ2IN

P̃2Gmm
r Gmm

t

)]
=

4

∏
i=1

exp
(
−2πλ2 pi

∫
∞

ΞL(x)

(
1− 1(

iρlmxβLΓ2Ω
−1
nm âit−βN

)Ωnm

)

(1−PLoS (t)) t dt
)
,

(C.16)

where Ωn is parameter of a normalized gamma random variable representing
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channel gain. Similarly, EILU is given as

EILU

[
exp

(
−iρwxβvΓ2ILU

P̃2Gmm
r Gmm

t

)]
=

4

∏
i=1

exp
(
−2παλ4 pi

∫
∞

x

1− 1(
iρlmxβLΓ2Ω

−1
lm âit−βL

)Ωlm


(PLoS (t)) t dt

)
,

(C.17)

and EINU is given as,

EINU

[
exp

(
−iρwxβvΓ2INU

P̃2Gmm
r Gmm

t

)]
=

4

∏
i=1

exp
(
−2παλ4 pi

∫
∞

ξL(x)

(
1− 1(

iρlmxβLΓ2Ω
−1
nm âit−βN

)Ωnm

)

(1−PLoS (t)) t dt
)
,

(C.18)

where PLoS (x) is the LoS probability between user and UAV and x denotes the

horizontal distance between the user and UAV projection on ground. By combin-

ing interference terms using linearity of integrals for v= L, we obtain the coverage

probability for LoS. For v = N, coverage probability can be obtained by following

similar steps.
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The coverage probability can be evaluated separately for LoS and NLoS PPPs

based on thinning theorem. Given that user is connected with UAV in φ v
u where

v ∈ {L,N}, the conditional coverage probability is computed as

P4,v
c = δ4,v

∫
∞

0
P

[
P̃4Guav

r Guav
t ho,mr−βv

σ2 + ILU + INu + IL + IN
> Γ4

]
fv (r) dr (D.1)

where

δ4,L = 2πλ4

∫
∞

0
xPLoS (x)exp(−2πλ4Z1 (x)−A1 (x)−B1 (x)−C1 (x)) dx (D.2)

where

M1 (x) =
∫ r

h
tPLoS

(√
t2−h2

)
dt +

∫ rβL/βN

h
t
(

1−PLoS

(√
t2−h2

))
dt (D.3)
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A1 (x) = πλ1

(
P̃1xβL

P̃4

)2/β1

(D.4)

B1 (x) = πλ3

(
P̃3xβLexp(−k ( fc,3)x)

P̃4

)2/β3

(D.5)

C1 (x) = 2πλ2ϒ(x) (D.6)

and

δ4,N = 1−δ1−δ2−δ3−δ4,L (D.7)

are the LoS and NLoS link probabilities of the user associated with LoS and NLoS

UAV links. Now the PDF of the distance to the LoS UAV, given that user is

associated with LoS UAV is given as,

f∧UL (r) =
(

2πλ4rPLoS

(√
r2−h2

)
e−2πλ4

∫ r
h (PLoS(

√
t2−h2))t dt .

e−2πλ4
∫ ξL(r)

h (1−PLoS(
√

t2−h2))t dt
)
/δ4,L

(D.8)

where PLoS (x) is the LoS probability function. The PDF of the distance to the

NLoS BS, given that user is associated with NLoS small cell BS is given by,

f∧UN (r) =
(

2πλ4r
(

1−PLoS

(√
r2−h2

))
e−2πλ4

∫ r
h (1−PLoS(

√
t2−h2))t dt .

e−2πλ4
∫ ξN (r)

h (PLoS(
√

t2−h2))t dt)/δu,N

(D.9)
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where ξL (r) = rβL/βN and ξN (r) = rβN/βL . Now ILU = P̃4 ∑i∈φ∧u,L
Glhi,ur−βL and

INU = P̃4 ∑i∈φ∧u,N
Glhi,ur−βN are the interference from LoS and NLoS UAVs, re-

spectively and IL = P̃2 ∑i∈φ∧m,L
Glhi,mx−βL and IN = P̃2 ∑i∈φ∧m,N

Glhi,mx−βN are the

interference from LoS and NLoS BSs. We assumed Nakagami fading, therefore

ho,u is a normalized gamma random variable with parameters Ωw,

= P[P̃4Guav
r Guav

t ho,ur−βv > Γ4
(
σ

2 + ILU + INU + IL + IN
)
]

= P[ho,u >
rβvΓ4

(
σ2 + ILU + INU + IL + IN

)
P̃4Guav

r Guav
t

]

(a)
= 1−E

[(
1− exp

(
−ρwrβvΓ4

(
σ2 + ILU + INU + IL + IN

)
P̃4Guav

r Guav
t

))Ωw
]

(b)
=

N

∑
j=1

(−1) j+1
(

Ωw

j

)
E

[
exp

(
− jρwrβvΓ4

(
σ2 + ILU + INU + IL + IN

)
P̃4Guav

r Guav
t

)]

(c)
=

N

∑
j=1

(−1) j+1
(

Ωw

j

)
e

− jρwrβvΓ4σ2

P̃4Guav
r Guav

t

EILU

[
exp

(
− jρwrβvΓ4 (ILU)

P̃4Guav
r Guav

t

)]
EINU

[
exp

(
− jρwrβvΓ4 (INU)

P̃4Guav
r Guav

t

)

EIL

[
exp

(
− jρwxβvΓ4 (IL)

P̃2Gmm
r Gmm

t

)]
EIN

[
exp

(
− jρwxβvΓ4 (IN)

P̃2Gmm
r Gmm

t

)]]
(D.10)

where (a) follows from [29] and ρw = Ωw (Ωw!)−1/Ωw ,w ∈ {L,N}, (b) from bino-

mial expansion and (c) from the independence of φ L
u , φ N

u , φ L
m and φ N

m PPPs. Now
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for v = L, we have

= EILU

[
exp

(
− jρwrβvΓ4 ∑i∈φ∧u,L

Glhi,mr−βL

Guav
r Guav

t

)]
(d)
= e

−2πλ4 ∑
4
i=1 pi

∫
∞

r

(
1−Em[e− jρLrβL Γ4mâit

−βL ]

)
(PLoS(t))t dt

(e)
=

4

∏
i=1

e

−2πλ4 pi
∫

∞

r

1−
1(

jρLrβLΓ4Ω
−1
l âit−βL

)Ωl

(PLoS(t))t dt

(D.11)

where (d) is obtained by taking laplace transform of φ L
u and g in (d) is a normalized

gamma random variable with a parameter Ωl , âi is the normalized gain where

ai and pi are given by (5.15) and (e) is the result of taking moment generating

functional of g, respectively. EINU , EIL and EIN can be computed in a similar

manner as EILU . Final expression for EINU is given as,

=
4

∏
i=1

e

−2πλ4 pi
∫

∞

ξL(r)

1−
1(

jρLrβLΓ4Ω
−1
n âit−βN

)Ωn

(1−PLoS(t))t dt

(D.12)

Similarly, EIL is given as

=
4

∏
i=1

e

−2πλ2 pi
∫

∞

x

1−
1(

jρLxβLΓ4Ω
−1
l âit−βL

)Ωl

(PLoS(t))t dt

(D.13)

and EIN is given as,

=
4

∏
i=1

e

−2πλ2 pi
∫

∞

ΩL(x)

1−
1(

jρLxβLΓ4Ω
−1
n âit−βN

)Ωn

(1−PLoS(t))t dt

(D.14)
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Using Linearity of integrals and combining interference terms, we get the cover-

age probability.
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The achievable data rate for a user connected with ith tier is given as,

Ri = P(Ri > Γi) = P(log2 (1+SINRi)> Γi)

= P
(
SINRi > 2Γi−1

)
=

1
ln2

∫
∞

0
P
(
SINRi > 2Γi−1

)
=

1
ln2

∫
∞

0

Pi
c (Γi)

1+Γi
dΓi,

(E.1)

where Pi
c is the coverage probability of tier i and Γi is the SINR threshold of tier

i.
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